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CIRCULATORY CHANGES IN THE FOREARM AND HAND 
OF MAN WITH REPEATED EXPOSURE TO HEAT 


By R. J. WHITNEY 


From the Umit for Research on Climate and Working Efficiency of the Medical 
Research Council, Department of Anatomy, University of Oxford 


(Received 29 September 1953) 


The response of the circulatory system when man is exposed on a single 
occasion to hot environmental conditions has received considerable attention 
during the past 10 or 15 years, and the general nature of this response has been 
adequately described elsewhere (Newburgh, 1949). The possible modification 
of this response, when the exposure to heat is repeated daily over a number of 
days or weeks, has not been studied to the same extent, but such modification 
has been reported for the pulse rate (Adolph, 1938, Wyndham, 1951), for the 
blood volume (Barcroft, Meakins, Davies, Duncan Scott & Fetter, 1923; 
Bazett, Sunderman, Doupe & Scott, 1940), and for the peripheral circulation. 
The reports relating to modification of the peripheral circulation have been 
somewhat contradictory. A progressive increase in the finger blood flow with 
repeated exposure to heat was found to occur by Scott, Bazett & Mackie (1940), 
whereas @ progressive reduction in the overall peripheral blood flow (deduced 
indirectly from heat transfer measurements) was reported by Kichna, Park, 
Nelson, Horvath & Palmes (1950). This conclusion by Eichna et al. (1950), 
relating to the whole peripheral system seems to be confirmed by the observa- 
tions of Wyndham (1951) on the blood supply to the hand and forearm. 

In view of the extensive changes in the peripheral circulation which have 
been observed to occur whenever a man is exposed to hot environmental 
conditions (Newburgh, 1949), and because of the functional significance which 
has been attached to this response, it was thought that further information 
was desirable on the effect of repeated exposure to heat, for the conclusions of 
Kichna et al. (1950) are not based on a direct study of the circulation, and the 
direct measurements of Scott et al. (1940) and of Wyndham (1951) have given 
contradictory conclusions. The experiments described in this paper were under- 
taken in an attempt to obtain some clarification of this question. The technique 
and procedure for estimating peripheral blood flow have been modified so that 
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& more representative sample of blood flow measurements could be ‘ies for 
the forearm and hand combined. A limited investigation was also made of the 
partition of the blood flow between the forearm and the hand. As an exten- 
sion of previous work, observations have been made of changes in the size of 
the venous reservoir of the forearm, in so far as such changes can be expected 
to be reflected in corresponding changes of forearm volume. 

The use of the term ‘acclimatization’ has been purposely avoided in this 
paper, since it is not always clear if this term refers to the routine of accus- 
toming a man to the heat or if it refers to the physiological changes which are 
responsible for the adaptation. Its use in the latter sense seems undesirable 
at present, for there appears to be no reliable physiological index of the process 
of acclimatization for the individual man (Ladell, 1951). In the course of the 
circulatory measurements which are described below, parallel observations of 
sweat rate, rectal temperature and body temperature were made 1 in the hope 
that these might provide an index of the degree of acclimatization reached by 
the individual subject. The results of these parallel observations will only be 
referred to very briefly, for they only served to confirm the views expressed 
by Ladell (1951) that these physiological parameters do not show a variation 
with repeated exposure to heat which is at all consistent for different individuals. 


METHOD - 


The use of the mercury-in-rubber strain gauge to record volume changes in the forearm following 
venous occlusion proximal to the gauge has been fully described elsewhere (Whitney, 1953). 
In the investigation to be described it was considered desirable to measure the blood flow in the 
forearm and hand by a procedure which allowed minimum interference with the normal condi- 
tion of these parts. In this connexion the use of the gauge avoided the enclosure of the forearm in 
an artificial environment, such enclosure being, of course, essential with the air- or water-filled 
plethysmographic technique. Another departure from the usual procedure for forearm blood flow 
was that arterial occlusion at the wrist prior to venous collection in the forearm (Grant & Pearson, 
1938) was not used for three of the four subjects investigated. It is shown in Appendix I that 
venous collection records from the forearm when there is no wrist occlusion may be used to 
estimate the mean flow to the forearm and hand combined. Such venous collection records will 
be referred to below as being ‘with hand’, and the blood flows derived from them will be referred 
to as mean flows. With the fourth subject arterial occlusion at the wrist was applied after each set 
of ‘with hand’ records, and two ‘without hand’ records of venous collection were made, these 
records starting 4 and 1 min respectively after the application of wrist occlusion. The partition 
of the blood flow between forearm and hand was deduced from the ‘with hand’ and ‘ without hand’ 
venous collection records by the method given in Appendix I. The assumptions involved in this 
method are discussed in the appendix, and experimental verification of the assumptions is 
obviously desirable if absolute hand blood flows are required, It is shown, however, that the need 
for such verification is less if, as in the present investigation, interest is restricted to changes in 
the partition of the blood flow for any one subject. The method has the advantage that there is 
minimum interference with the hand whilst records are being obtained from the subject. 

The other conditions of measurement were made as uniform as possible for all subjects. The 
subject was seated on a Martin bicycle ergometer with both arms comfortably supported on 
horizontal rests at heart level. No subject reported any strain in maintaining this posture either 
whilst resting, or during pedalling. A single two-strand gauge was mounted at about the middle 
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of the left forearm, the gauge not being moved on the arm during the routine on a particular day 
(see below), and it was mounted at about the same level for all experiments on a particular subject. 
It has been shown (Whitney, 1953) that volume changes recorded by a single gauge in this position 
may be considered as representative for the whole forearm. A 12 cm wide venous collection cuff 
was mounted on the upper arm immediately above the elbow, and a collection pressure of 50 mm Hg 
was used throughout. When wrist occlusion was carried out, a 6 om wide cuff was mounted just 
proximal to the wrist crease and an inflation pressure of 230 mm Hg was used. Minor movements 
of both arms were permitted, except during actual recording, to avoid discomfort. 

The methods employed for the other physiological measurements made were quite standard. 
Rectal and skin temperatures were recorded by means of thermocouples. Sweat loss was estimated 
by weighing the nude subject immediately before and immediately after the exposure routine. The 
subject was kept hydrated during exposure by drinking measured quantities of water. Metabolic 
rate, during work and during rest, was estimated by the usual Douglas bag collection technique. 

Subjects 

The four subjects were normal, healthy males. They were Roya Naval personnel who had 
volunteered to act as subjects in climatic experiments, and none had had service in tropical 
climates for at least 12 months prior to the experiments. Relevant anthropometric details are 
given below, together with the dates on which they were exposed to heat in the investigation and 
the external work rate imposed whilst pedalling during the exposure (see ‘ Routine’). 

Subject A. Age 29, height 166 om, weight 57-7 kg. Exposed to hot room conditions 1-5 and 
8-10 May 1950. External work rate 41-0 kcal/hr. 

Subject B. Age 25, height 168 om, weight 91-5 kg. Exposed to hot room conditions 17-19 July 
1950. External work rate 61-4 kcal/hr. 

Subject C. Age 29, height 173cm, weight 66-7 kg. Exposed to hot room conditions 26-29 
September, 2-6 and 9 October 1950. External work rate 41-0 kcal/hr. 

Subject D. Age 20, height 173 cm, weight 55-5 kg. Exposed to hot room conditions 29 Novem- 
ber-1 December and 4-8 December 1950. External work rate 54-6 kcal/hr. 

Routine 

The daily exposure was of 2 hr and 20 min duration. During the initial 20 min of this exposure 
the subject was weighed and settled on the bicycle, and the various items of the measuring 
apparatus were mounted on the subject. During the latter half of the initial period, when the 
subject was seated at rest, records of the blood flow, etc., were made. The initial period was 
followed by three work periods (W,, W,, W;) alternated with three rest periods (R,, R,, Rs), each 
work period or rest period being of 20 min duration. During each of the work periods the subject 
pedalled at an external work rate already given under ‘Subjects’. During the rest periods he 
remained, comfortably relaxed, on the bicycle. 

Venous collection records were taken, as a rule, during rest periods only, the first record starting 
15 sec after the cessation of work. Collection records during work were taken for subject A. 
‘Without hand’ records (that is, using arterial occlusion of the wrist) were taken for subject D 
only. A set of four records was taken every 5 min, the set comprising two ‘with hand’ and two 
‘without hand’ records for subject D. The adjustment of gauge tension was checked at frequent 
intervals during the exposure period so that a tension of approximately 25 g, distributed over the 
two strands, was maintained. Alterations of the adjusting screw of the gauge to maintain tension 
were noted, in order that changes in forearm volume during the exposure period could be subse- 
quently derived (Whitney, 1953). 

Rectal and skin temperatures were taken during the latter halves of the first and last 5 min of 
each rest period and during the last 3 min of the initial (pre- W,) period. The 11-point skin tempera- 
ture measurement (taken with a roving thermocouple) occupied about 2} min. Douglas bag 
collections were made during W, and R, for subjects A and B and during W, and R, for the other 
two subjects. 

The hot environment for all subjects was 114° F (45-6° C) dry bulb and 85° F (29-4° C) wet bulb, 
corresponding to a relative humidity of about 30%. Air movement was approximately 40 cm/sec. 
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Previous to the hot room exposures all subjects carried out the full routine on at least five separate 
days at 70° F (21-1° C) dry bulb and 60° F (15-6° C) wet bulb. For these training exposures to 
a cool environment records were not, as a rule, taken, but for subjects C and D the usual records 
were taken during the three or four ‘cool’ exposures immediately preceding the first exposure to 
the heat. 
RESULTS 

Analysis of venous collection records, Typical records, of both the ‘with hand’ 
and the ‘without hand’ types, are reproduced in Fig. 1. Compared with the 
corresponding type of plethysmographic record it will be noted that cuff 
artifacts are not typically obtained when the gauge is used. Since absolute 
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Fig. 1. Typical venous collection curves (upper three rows) and a calibration record (bottom row) 
obtained during a rest period with the gauge mounted on the forearm (subject D). Time mark 
4 sec. Each row of venous collection curves consists of two initial ‘with hand’ records, 
followed by a record of the application of arterial occlusion at the wrist, followed in turn by 
two ‘without hand’ records. Upper row for the cool environment, second row resting in the 
heat, third row, immediately after work in the heat. The gauge sensitivity for the records in 
the cool environment was approximately double that employed in the heat. 


rates of forearm volume change were required, all slopes were measured in 
relation to the direction of movement of the paper (that is, with respect to 
the parallel edges of the paper) and not in relation to the baseline record 
immediately prior to venous collection (Kerslake & Cooper, 1950). The slope 
over the first four or five pulses was taken as the initial rate of volume change 
(F,;, Appendix I) for a ‘with hand’ record. ‘Without hand’ records were 
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typically concave upwards during the initial part of the collection and, for 
reasons which will be discussed later, the steepest slope in this initial part 
(see Fig. 1) was used to derive the forearm flow (F ,, Appendix I). 

For the rapid and accurate measurement of these slopes, and for their con- 
version to volume change/100 ml. tissue/min, an adjustable bevel square, 
provided with a rotating Perspex arm which could be aligned with the slope 
on the record, was used. The edge of the recording paper was aligned to be 
parallel with the ‘x’ axis of the square and the Perspex arm rotated to conform 
to the slope of the record. The height above the ‘z’ axis at which the Perspex 
arm intersected the adjustable ordinate of the bevel square was then read off. 
This adjustable ordinate was graduated in mm and cm and was set along 
the ‘x’ axis at a distance from the origin (that is, from the pivot of the 
Perspex arm) such that 1 cm on the ordinate was equivalent to 1 ml. volume 
change/100 ml. tissue/min. The setting of the adjustable ordinate was carried 
out by entering the measurement from the gauge calibration record (Fig. 1) 
and the girth of the arm at the level of the gauge (determined by the method 
described in Whitney, 1953) on a nomogram constructed in accordance with 
the gauge theory for the particular recording paper speed employed. Besides 
being quick and accurate, this method for deducing rate of volume change from 
the venous collection records does not involve the drawing of lines on the 
record so that unbiased replication of the analysis of a particular record can be 
made. Blood flows were deduced from this analysis as described in Appendix I. 


The mean flow through forearm and hand combined 


The results of the analysis of mean flow for all subjects are summarized in 
Figs. 2-5. In these figures the values obtained from the separate venous 
collection records (‘with hand’) have been grouped to give the level of the 
mean flow for the first 5 min and the subsequent 15 min of each rest period in 
each exposure. For subject A values obtained during work are included, the 
grouping here being for the first 15 min and the last 5 min of a work period. 
The general level of the mean flow for each exposure is also indicated. It will 
be seen that the mean flow during the first 5 min of a rest period is appreciably 
higher than it is during the subsequent 15 min of the rest period, and that 
repeated exposure to heat does not greatly modify this response. With subject B 
the difference between the two parts of the rest period is not so marked. With 
subject A, there is evidence that the mean flow rose throughout the work 
period, achieving a level during the last 5 min approximately equal to that 
maintained during the first 5 min of the subsequent rest period. The general 
level of the mean flow in the heat was between 25 and 35 ml. blood/100 ml. 
forearm and hand tissue/min. With subjects A and D there is evidence of 
a rise in the level of mean flow with repeated exposure to heat, although, with 
the former subject, the 2-day break in the series of exposures brought about 
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tissue/min. Each column represents an exposure to the heat, successive exposures being read 
from left to right. Subdivision of each column, indicated on the abscissa into the six 20 min 
periods of the exposure, W,, R,, W,, R,, W, and R,, these being read from left to right in each 
column. The graph gives the blood flow level for the first 15 min and for the last 5 min of 
a work period, and for the first 5 min and for the last 15 min of a rest period. Incomplete 
records for first and second exposures due to syncope of subject, incomplete record for the 
eighth exposure was due to a technical failure. The horizontal interrupted line indicates, for 
each column (exposure), the average level of the mean flow. 


, 


Fig. 3. Mean blood flow, forearm plus hand, subject B. General layout of graph as for Fig. 2, but 


to heat incomplete owing to a technical failure. 


the subdivision of each column is for the three rest periods only. Record of second exposure 
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Fig. 2. Mean blood flow, forearm plus hand, subject A, Ordinate scale interval 10 ml. blood/100 ml. 
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a temporary decrease in the general level of mean flow. With subject B there 
was no important change in the general level of mean flow during the three 
exposures to heat, and for subject C also little change in the general level was 
recorded, the tendency here being a slight reduction in the level with repeated 
exposure. The mean flows recorded for subjects C and D in the cool environ- 
ment require little comment—the general level of mean flow during rest 
periods was less than 10 ml./100 ml. tissue/min. 


Fig. 4. Mean blood flow, forearm plus hand, subject C. Layout of graph as for Fig. 3, the first 
three columns on the left being for successive exposures to the cool environment, the remaining 
columns for successive exposures to the hot environment. The record for the first exposure to 
the heat was incomplete due to syncope of the subject. Incomplete records for the sixth and 
seventh exposures to the heat were due to technical failures. 


Fig. 5. Mean blood flow, forearm plus hand, subject D. Layout of graph as for Fig. 3. The 
first four columns on the left relate to successive exposures to the cool environment. 
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Partition of blood flow between forearm and hand 
Although limited to one subject, the results obtained (see Fig. 6) are of some 


interest. As already pointed out, the general level of mean flow for this subject 
(subject D) rose with repeated exposure to heat, the increase between succes- 


sive exposures being larger for the earlier exposures than it was for the later 
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Fig. 6. Partition of blood flow between forearm and hand, subject D. Division of graph into 
columns as for Fig. 3, the first two columns on the left being for exposures to the cool 
environment, the remaining columns for exposures to the heat. In the lower graph the height 
of the shaded part gives the forearm blood flow, and the height of unshaded part the hand 
flow, the ordinate scale interval for the graph being 20 ml. blood/100 ml. tissue/min. The 
upper graph gives the percentage of the total blood supplied to forearm and hand which goes 
to the hand, the ordinate scale interval being 10%, the highest ordinate scale mark being 
100%. 


exposures, with the exception of the difference between the mean flow levels 
of the first and second exposure, which was comparatively small. From the 
second to the fourth exposure to heat there was practically no change in 
the partition of blood between the forearm and hand despite an increase of 
almost 50°% in the mean flow to the two parts (Fig. 6), the percentage of the 
mean flow which went to the hand being 66, 67 and 67% (average levels) for 
the second, third and fourth exposures. For the fifth and sixth exposures 
the percentage of the mean flow which went to the hand fell to 61 and 60% 
respectively, but the percentage then rose, to 67% for the seventh exposure 
and to 74% for the eighth exposure. The tendency for the mean flow to 
increase was less marked subsequent to the fifth exposure, and it will be seen 
from Fig. 6 that there was a small, but progressive, decrease in the forearm 
flow over this period. The partition of blood for the first exposure to heat 
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was peculiar in that a comparatively low hand blood flow was combined with 
a high forearm flow—the level of the percentage of the mean flow which 
went to the hand was only 52% for this exposure. For the exposures to 
the cool environment the percentage of the mean flow which went to the 
hand varied between 71 and 84%. It would therefore appear that the 
immediate effect of exposure to heat on subject D was to produce a vasodilata- 
tion in the forearm which was disproportionately large compared with the 
vasodilatation of the hand, so that the percentage of the mean flow which went 
to the hand was less than that attained under cool conditions. With subsequent 
exposures to heat the degree of vasodilatation of the hand increased, so that 
the percentage of the mean flow to the hand approximated to that for cool 
conditions. Since the mean flow also increased with successive exposures, 
extremely high hand blood flows were obtained, the hand blood flow frequently 
exceeding 120 ml./100 ml. hand tissue/min immediately after work during the 
later exposures to heat. This level was about 3 times that achieved in the 
exposures to the cool environment. For the forearm blood flow the change 
from the cool to the hot environment produced almost a tenfold increase. 
Another very distinct difference between the responses in the two environ- 
ments was that, in the hot environment, the percentage of total blood which 
went to the hand was typically less during the first 5 min of a rest period than 
during the remainder of the rest period. In the cool environment the converse 
was true. This difference for the two environments did not appear to be 
modified by repeated exposure to the heat. 


Changes in forearm volume 

These changes were derived from the venous collection records by measuring 
the position of the baseline for each record. The changes during each exposure 
were measured from an adopted zero, the latter being the mean position of the 
baseline during the last 5 min of the initial 20 min period of the exposure. 
Forearm volume changes from exposure to exposure have not been deduced, 
for it was felt that adequate precautions were not taken to mount the gauge 
at precisely the same level on the forearm for each exposure. The nature of the 
gauge technique permits, however, accurate estimation of forearm volume 
change during an exposure (Whitney, 1953). Fig. 7 summarizes the results for 
‘with hand’ records during rest periods. It will beseen that there wasa tendency, 
with all four subjects, for the forearm volume to decrease during an exposure 
to the heat after several exposures to the heat had been experienced. During 
the first or second exposure to the heat, or under the cool environmental 
conditions, the decrease was smaller, or there was an actual increase in volume. 
With subject A some increase in volume was found up to the sixth day of 
exposure to the heat. The extent of the decrease in volume during an exposure 
to heat reached a moderately steady value after the sixth exposure for A, after 
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stabilized decreases being 0-65, 0-63, 1-67 and 2-29%, volume of forearm for 
subjects A-D respectively. Fig. 8 gives the record of volume change for 
subject A in more detail, changes during work periods as well as those during 


Fig. 7. Change in forearm volume, subjects A to D reading from top to bottom. Columns repre- 
sent successive exposures, the first three columns on the left relating to the cool environment, 
the remaining columns to the hot environment. Each column is subdivided on the graph into 
the three rest periods. The forearm volume for each exposure immediately prior to W, was 
taken as zero, and the zeros for the different exposures of each subject have been super- 
imposed on the horizontal line. Increases in volume above zero are shaded, decreases hatched. 
The ordinate scale for all subjects is indicated on the left, the interval given being equivalent 
to a 1% change in forearm volume. 


rest periods being included. It will be noted that changes of short duration 
may be quite large—up to 4°,—and that large changes could take place over 
a period as short as 5 min. During the early exposures to heat of this subject, 
when the general tendency was for the forearm volume to increase, the volume 
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usually increased during a work period and decreased during the subsequent 
rest period. In the later exposures this distinction between work and rest 
periods was less clear. The detailed record for subject D, during rest periods 
only (Fig. 9), again emphasizes the comparative rapidity of the changes. For 


Fig. 8. Change in forearm volume d work and rest periods, subject A. Column layout as for 
Fig. 2, the initial zero volume change for each exposure being indicated on the horizontal line 
as for Fig. 7. The graph gives the mean forearm volume change for the first and last 5 min 
and for the middle 10 min of each 20 min work or rest period. Ordinate scale interval 
1% change in forearm volume. 


Fig. 9. Change in forearm volume, comparison of ‘with hand’ and ‘without hand’ values for 
subject D. Layout of columns as for Fig. 5, significance of horizontal line as for Figs. 7 and 8. 
Volume changes graphed for the initial and final 5 min and for the middle 10 min of each rest 
period, the ‘with hand’ and ‘without hand’ values being indicated respectively by the lower 
and upper levels of the 5 to 10 min biock, if the block is shaded, or vice versa if the block is 
hatched. Ordinate scale interval 1% in forearm volume. 


this subject the reduction of forearm volume was progressive, both during an 
exposure and between the earlier exposure periods. Fig. 9 also gives the 
changes in forearm volume derived from the ‘without hand’ records. During 
the cool environment exposures, and during the early exposures to the hot 
environment, the forearm volume was always appreciably increased when 
arterial occlusion was applied to the wrist. In the later exposures to the hot 
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environment the increase of volume with wrist occlusion was much less, or an 
actual decrease in volume occurred. This change in the response of the forearm 
to wrist occlusion is also illustrated by the records reproduced in.Fig. 1. The 
mean increase in forearm volume following wrist occlusion fell from 0-63%, 
for the four exposures to the cool environment, to 0-52%, for the first three 
exposures to the heat, and to 0-22% for the remaining five exposures to the 
heat. The extent and rapidity of these changes in forearm volume suggest that 
they were largely due to changes in the capacity of the venous reservoir of the 
forearm. 


Changes in the height of the venous collection record 


The venous collection records obtained with the gauge showed the usual 
flattening out of the curve, after the initial phase of rapid filling, to a shallow, 
almost linear, slope. The time allowed for venous collection (about 20 sec) was 
sometimes too short to attain this part of the curve and was always insufficient 
to produce a constant forearm volume. The simple distension of the venous 
reservoir is usually considered to be completed by the time the shallow, linear 
part of the curve is reached, and the height of the curve at the beginning of the 
linear phase above the baseline of the record is known to be dependent on the 
venous collection pressure (see, for example, Landsowne & Katz, 1942). This 
height, expressed as a volume, is therefore the increase in the volume of the 
venous reservoir which is produced by an increase in venous pressure from 
the baseline value to the venous collection cuff pressure. If this increase in 
venous pressure is constant for different records, then the height of the record, 
expressed as the percentage increase in the forearm volume, will be proportional 
- to the volume distensibility of the venous reservoir at the time the record was 
made. In the present experiments the same collection cuff pressure was used 
throughout (50 mm Hg). The baseline venous pressure in the forearm was not 
measured, but since the forearm was always supported at heart level it 
presumably approximated to zero. The increase in venous capacity at a collec- 
tion pressure of 50 mm Hg (50 mm IVC) was therefore deduced for each venous 
collection record (with the exception, of course, of records for which the dura- 
tion was inadequate) as a measure of the volume elasticity of the venous 
system. The results, for ‘with hand’ records during rest periods, are summarized 
in Fig. 10. It will be seen that the changes in the 50 mm IVC with repeated 
exposure to heat are unimportant for subjects A, B and C. For subject D 
there was a marked progressive rise in the value of the 50 mm IVC with 
repeated exposure to heat during the first 4 days, the final level in the heat 
being appreciably higher than that for the cool environment exposures. In 
the heat, particularly during the first 3 days, the 50 mm IVC fell progressively 
during each exposure. Fig. 11 shows that, for subject A, the difference 
between the 50 mm I'V(’s for work periods and rest periods are unimportant. 


fi 
* 
q 
ra 
§ 
“ 


CIRCULATION OF FOREARM AND HAND IN HEAT 


UP 


13 


Fig. 10. Change in the 50 mm IVC (increase in venous capacity with 50 mm Hg venous occlusion) 
subjects A to D reading from top to bottom. 06 fee Big, the 
horizontal line under each graph being the zero abscissa for that graph. Ordinate scale 
interval, 1% change in forearm volume. ‘With hand’ values during rest periods only. 
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Fig. 11, Change in the 50 mm IVC during work and rest periods, subject A. Layout of columns 
as for Fig. 2. The mean ‘with hand’ value for each work and rest period is given. Ordinate 
scale interval, 1% change in forearm volume. 
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Fig. 12. Change in the 50 mm IVC, ‘ with hand’ values (full line) and ‘without hand’ values (inter- 
rupted line) during rest periods, subject D. Layout of columns as for Fig. 5, ordinate scale 
interval, 1% change in forearm volume. 
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Fig. 13. Pulse rate during the rest periods, subjects A to D reading from top to bottom, signifi- 
cance of columns as for Fig. 7. The graph gives the mean pulse rate during the first 5 min and 
during the subsequent 15 min of each rest period. The full horizontal line extending across 
each exposure gives the mean pulse rate for the 5 min immediately preceding the first work 
period, and the similar, but interrupted, line gives the mean rate for all three rest periods of 
the exposure. The horizontal line under the graph for each subject is drawn at an ordinate 
level of 50 beats/min, and the ordinate scale interval for each graph is 20 beats/min. 
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For subject D, however, a difference was observed for the 50 mm IVC ‘with 
hand’ as compared with the ‘without hand’ value (Fig. 12). The ‘without hand’ 
value was always greater than the ‘with hand’ value, and the difference tended 
to increase with repeated exposure to heat. 


Pulse rate 

The pulse was clearly indicated on the venous collection record, and the heart 
rate was deduced from measurements taken from the baseline immediately 
preceding each record. Rates could not be deduced from records taken during 
work owing to the effect of small muscular movements of the arm during work. 
No consistent effect of arterial wrist occlusion on the pulse rate was found. 
The results of the analysis are summarized in Fig. 13. From this it is clear that 
there was no marked effect of repeated exposure to heat on the pulse rate. This 
conclusion appears to apply whether one considers the absolute rate achieved 
during a rest period following work, or if one considers the pulse response (that 
is, the difference between the rate following work and the rate immediately 
prior to the first work period). With B only was there an indication of a reduc- 
tion of rate with repeated exposure, but the number of exposures to which B 
was subjected was probably too few for a firm conclusion to be drawn in view 
of the variability which was observed for the other subjects. The mean pulse 
response for the different subjects did not appear to be simply related to the 
external work rate of the subject in the heat. For example, the mean pulse 
response for the eight exposures to heat and work of subject A (+1-4 
beats/min) was appreciably less than that for the ten exposures of subject C 
at the same external work rate (+ 12-6 beats/min). The response for subject C 
was also higher than that for the eight exposures of subject D (+ 9-4 beats/min), 
although the latter subject did more external work during the exposures 
(external work rates 41-0 and 53-7 kcal/hr during work periods for C and D 
respectively). The mean response for subject B (+ 53-7 beats/min), compared 
with the responses of the other subjects appears to be larger than would be 
expected, for the external work rate of this subject during work periods 
(61-4 keal/hr) did not greatly exceed that for subject D. 


Other physiological responses to repeated exposure to heat 

The results for sweating are summarized in Fig. 14. It will be obvious that 
repeated exposure to heat was not invariably accompanied by a progressive 
increase in the sweat rate. Non-evaporated sweat was not estimated, but 
there was, with all subjects, an appreciable quantity of ‘waste’ sweat which 
ran off the body even during the first exposure to heat. This indication, that 
more sweat was always produced in the heat than could be evaporated, may 
have accounted for the absence of marked variations in either the rectal 
temperature response or the skin temperature response with repeated exposure 
to heat. The rectal temperature rose progressively during an exposure to heat, 
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but the extent of the increase was not modified by repeated exposure to heat. 
The results obtained for the metabolic rate during work and rest of each sub- 
ject did not show any significant variation with repeated exposure to heat. The 
metabolic rate was also unaffected by the change from the cool to the hot 
routine for subjects C and D. 

Subject A suffered from nausea and eventually fainted during R, of the first 
exposure to heat, and during R, of the second exposire to heat. Subject C 
showed a similar reaction during R, of the first exposure f6'\?.t, In both cases 
the symptoms were those of mild heat syncope. The rectal temperatures 
recorded at the time of fainting were not exceptional—equal or even higher — 
rectal temperatures were recorded during later exposures of the same subjects 
without the appearance of adverse symptoms. Symptoms of heat syncope 
were never reported by the other two subjects, even though the rectal tem- 
perature of one of them (B) rose on occasion as high as 38-6° C. 


Fig. 14. Absolute sweat rates for each daily exposure, subjects A to D as indicated. Ordinate 
scale interval 100 ml. sweat/hr. Successive daily exposures indicated on the abscissa from 
left to right, those left of the vertical line being for the cool environment exposures. Graphs 
for subjects C and D successively off-set to the right with respect to that for A. 


DISCUSSION 


It will be apparent, from a consideration of the results presented above, that 
the effect of repeated exposure to heat on the different physiological responses 
usually showed considerable variation from subject to subject. The single 


a B----> 
4 | 
A 
D-> 
| 


CIRCULATION OF FOREARM AND HAND IN HRAT 17 


exception to this general statement is that, for all four subjects used, the 
forearm volume decreased during the later exposures to heat. This volume 
decrease during later exposures to heat was shown even by those subjects who 
registered an increase in forearm volume during earlier exposures. The extent 
and rapidity of these changes in forearm volume suggests that they are largely 
due to changes in the size of the venous reservoir of the forearm. If this 
interpretation of the volume changes is correct, then it would appear that the 
typical effect of... »ted exposure to heat is to produce a greater capacity for 
constriction of tue forearm veins in response to the stimulus of working in 
the heat. 

Further work on a larger number of subjects would be required to establish 
that peripheral veneconstriction in the heat always increases with repeated 
exposure to heat for non-acclimatized subjects, and it would be necessary to 
extend the observations to parts of the body other than the forearm. The 
functional advantage of peripheral veneconstriction in the heat is, however, 
obvious. In order to compensate for the increased capacity of the vessels which 
vasodilate in the heat, temporary splanchnic veneconstriction and a sustained 
increase in blood volume have been described by other workers. According to 
this investigation these mechanisms are supplemented by peripheral vene- 
constriction, although repeated exposure to heat may be necessary to produce 
the appropriate response of the veins to the heat stimulus. The size, and the 
possible physiological importance, of the peripheral venous reservoir has 
been discussed by Wollheim (1933). Wilkins, Haynes & Weiss (1937) con- 
cluded that the essential cause of circulatory collapse induced by sodium 
nitrite was the peripheral pooling of blood due to a reduction of venous tone. 
The results under discussion suggest that some forms of heat syncope may be 
due to a similar circulatory reaction, for they demonstrate that the pooling of 
blood in at least one part of the peripheral venous system becomes reduced 
after several exposures to heat. 

There is not adequate evidence to suggest the mechanism whereby the 
observed peripheral veneconstriction of the forearm is produced. During the 
exposures to heat the venous tone of the forearm was examined by a method 
essentially similar to that employed by Wilkins et al. (1937) for the hand—the 
50 mm IVC, which has been referred to in the presentation of results, is 
regarded as a measure of the pressure distensibility of the forearm venous 
reservoir. Following the arguments of Capps (1936), the 50 mm IVC should 
increase with decrease of venous tone, and vice versa. The results obtained 
during the exposures to heat do not indicate a simple relationship between 
changes in volume of the forearm venous reservoir and changes in venous tone 
as estimated from the 50mm IVC. The 50mm IVC was not appreciably 
different for exposures to heat in which there was an increase in forearm 


volume and for exposures in which there was a decrease (see Figs. 7 and 10). 
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For one subject (subject D) there is an indication that decrease in forearm 
volume during an exposure is accompanied by a decrease in the 50 mm IVC 
during the exposure. This correspondence was not always seen for the other 
subjects, and it will be noted, for subject D that decrease of the 50 mm IVC 
with decrease of forearm volume does not apply if the comparison is made 
between successive exposures to heat. On the whole, therefore, it cannot be 
concluded that the data demonstrate a simple relationship between change in 
capacity of the forearm veins and change in tone of the veins. It is possible, 
of course, that the 50 mm IVC is not an adequate measure of venous tone. 

None of the other physiological parameters investigated on all four subjects 
showed a response to repeated exposure to heat which was consistent for all 
subjects and comment, additional to that already made in the presentation of 
the results, can be restricted to the variation noted in the mean blood flow to 
the forearm and hand. There was distinct evidence for two of the subjects that 
the mean flow increased with repeated exposure to heat, particularly during 
the earlier exposures. The investigation of partition of blood supply between 
forearm and hand, which was limited to one of these two subjects, revealed — 
only small changes in the percentage partition between the two parts. The 
results on these two subjects tend to confirm those of Scott et al. (1940), but 
such confirmation was not seen for the other two subjects investigated. It 
cannot, therefore, be concluded that repeated exposure to heat always produces 
an increased peripheral blood flow to the forearm and hand. 

The partition of blood between forearm and hand was investigated in only 
one of the four subjects. In view of the variation of the response of mean flow 
to repeated exposure to heat the limited results for the partition have a corre- 
spondingly restricted relevance. Certain features of the results obtained on 
this subject are, however, worthy of comment despite the restricted nature of 
the data. As already pointed out, the percentage of the total blood supply to 
forearm and hand which went to the hand did not change considerably with 
variation of mean flow. Since, however, the volume of the hand is only about 
one-third that of the forearm, changes of hand blood flow were proportionately 
larger than those of the forearm. The deduced hand blood flow frequently 
reached 120 ml. blood/100 ml. hand tissue/min immediately after work in the 
heat, and flows as high as 50 ml./100 ml. tissue/min were recorded after work 
in the cool environment. As pointed out in Appendix I, the method employed 
in this investigation for measuring hand flow may be in error so far as absolute 
blood flows are concerned, but it is nevertheless clear that very high hand flows 
can occur even in a cool environment. The physiological significance of high 
hand blood flows under conditions where dissipation of heat from the hand is 
not required would appear to deserve further investigation. 

The effects of arterial occlusion at the wrist on forearm volume, which were 
recorded during the partition experiments, are also relevant in view of the 


q 


CIRCULATION OF FOREARM AND HAND IN HEAT 19 


previous discussion of the general significance of forearm volume changes. In 
the vasodilated subject it has been established by Doupe, Krynauw & Snod- 
grass (1938) that such occlusion produces a fall in the forearm venous pressure. 
It has since been shown (Whitney, Weiner & Geoghegan, unpublished data) 
that this drop in venous pressure is maintained during occlusion for at least 
1 min, that this pressure is restored to its pre-occlusion level within a few 
seconds of release of the occluding pressure, and that similar, but smaller, 
effects are produced by arterial wrist occlusion in the cool environment. These 
observations would appear to imply that part of the forearm venous pressure 
is due to vis a tergo from the hand and that the vis a tergo component is larger, 
as would be expected, in the vasodilated subject. In the experiments under 
discussion the forearm was supported at heart level, so that a hydrostatic 
component of forearm venous pressure was absent or negligible. 

It might be expected that a fall in forearm venous pressure, brought about 
by arterial wrist occlusion, would produce an immediate decrease in forearm 
volume due to partial collapse of the forearm venous reservoir. As already 
pointed out (see ‘Results’), the typical effect of arterial wrist occlusion is an 
increase in forearm volume, the increase being greatest under cool environ- 
mental conditions and during the earlier exposures to heat (Fig. 9). It is most 
unlikely that this effect was an artifact due to the squeezing of tissue and 
blood into the forearm by the inflation of the wrist cuff, for one would expect 
such an artifact to be larger in the vasodilated subject when, in fact, wrist 
occlusion frequently produced a reduction of forearm volume. The most likely 
explanation is that the wrist occlusion produces a relaxation of the walls of 
the forearm veins either directly, or indirectly due to the accompanying fall 
in venous pressure. The response is modified by repeated exposure to heat and 
it seems not improbable that the physiological basis of this modification is 
related to the mechanism whereby veneconstriction of the forearm is effected 
after repeated exposure to heat. The following changes also appeared to 
parallel the modification of the wrist occlusion response: 

(a) The 50 mm IVC ‘ without hand’ was typically larger than the 50 mm IVC 
‘with hand’, and the difference became greater with repeated exposure to 
heat (Fig. 12). 

(b) The S-shape of the venous collection curve ‘without hand’ became more 
pronounced after repeated exposure to heat (Fig. 1, and the following 
paragraph). 

The inherent S-shape of venous collection records ‘without hand’ has been 
referred to in connexion with the analysis of results, and in the previous 
paragraph. This type of collection record was typically obtained only after 
arterial occlusion had been applied to the wrist, and the S-shape was more 
evident in collections made after several exposures to heat than it was in 
collections made in the cool environment. If collection curves are compared 
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by taking the percentage by which the maximum slope (point of inflexion) 
exceeds the initial slope of the collection curve, the mean percentage excess 
for all collection records from subject D in the cool environment is 17%, 
whereas the mean percentage excess for all records in the heat is 60%. 
Evidence is not available for a definite explanation of the S-shaped venous 
collection record, and no reference to this type of record has been found in the 
literature on plethysmography. It seems unlikely that the effect is an artifact, 
due to the restriction imposed by the presence of the gauge on the filling of the 
forearm venous reservoir, for the gauge imposes only a slight restriction 
(certainly less than a superficial pressure of 2 cm water), and an explanation 
based on restriction would not account for the absence of the S-shaped record 
unless arterial occlusion is applied to the wrist. The most likely explanation 
seems to be that the arterial occlusion produces a reversible reduction of fore- 
arm blood flow due to the drop of forearm venous pressure, and that rise of 
pressure in the veins during venous collection gradually cancels this reduction, 
and so gives rise to the S-shaped curve. This explanation obviously accounts for 
the observed difference between the S-shaped curves obtained under cool and 
hot conditions, for the drop in venous pressure brought about by arterial 
occlusion at the wrist is known to be larger under hot, as compared with cool, 
conditions. In analysing the S-shaped records, to deduce forearm blood flows, 
_ the assumption has had to be made that the maximum slope of the collection 
curve corresponds to the forearm flow existing before the application of arterial 
occlusion to the wrist. This assumption obviously requires further investiga- 
tion, and it is open to question if reliable estimates of forearm blood flow can 
be made by venous collection after the application of arterial occlusion to the 
wrist, unless parallel observation is made of forearm venous pressure. The 
physiological mechanism underlying the suggested explanation of the S-shaped 
collection record also requires further investigation. In this connexion it is 
relevant to mention the results obtained by Gaskell & Burton (1953). For the 
finger and toe blood flows, these authors note that flow is maximum when the 
finger or toe is roughly at heart level. They account for the decrease in flow 
when the part is above heart level by the partial closure of blood vessels 
brought about by subcritical hydrostatic pressure. The decrease in flow below 
heart level is explained by a local veni-vasomotor reflex. In the investigation 
of the forearm, the latter was always at approximately heart level. If the 
S-shaped venous collection record from the forearm is explained by the occur- 
rence of partial elastic closure of the forearm vessels following application of 
the wrist cuff, then one must suppose that such closure is possible at zero, 
rather than at subzero, hydrostatic pressures, the pressures being measured 
relative to the heart. Although this is not an impossible supposition, it would 
seem to be an unlikely one. The other possible explanation of the S-shaped 
curve, that it is due to the existence of a local veni-vasomotor reflex, cannot, 
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however, be ruled out until further investigation has been made, although it is 
clear that the reflex mechanism envisaged by Gaskell & Burton (1953) would 
not provide a physiological basis for the S-shaped curve. 


SUMMARY 


1. Using the mercury-in-rubber strain gauge on the forearm, the circulation 
of the forearm and hand during repeated exposure to a hot, humid environ- 
ment has been investigated on four normal, male subjects. Parallel observa- 
tions of overall sweat rate, of metabolic rate, and of rectal and body tempera- 
tures were made. The circulatory measurements included: mean blood flow 
to the forearm and hand combined; partition of blood flow between forearm 
and hand (one subject only); pulse rate; change in size of the forearm venous 
reservoir; distensibility of the forearm venous reservoir. 

2. After repeated exposure to heat, the forearm volume decreased during 
exposure to heat with all four subjects. The number of daily exposures to heat 
required to produce this response varied from subject to subject, and an increase 
in forearm volume was typically recorded during the earlier e to heat. 

3. The changes in forearm volume are considered to be due, very largely, 
to changes in the size of the forearm venous reservoir. The possible importance 
of peripheral veneconstriction in relation to circulatory collapse in the heat is 
discussed. The physiological mechanism of peripheral veneconstriction was 
not investigated. Changes in forearm venous tone, as indicated by changes in 
the pressure distensibility of the forearm venous reservoir, were not found to 
be simply related to changes in peripheral veneconstriction of the forearm. 

4. None ofthe other physiological parameters investigated showed a response 
to heat which was consistent for all subjects. 

5. The effect of arterial occlusion applied to the wrist on the — 
forearm volume and forearm blood flow is described and discussed. 


I wish to thank Prof. W. E. Le Gros Clark, F.R.S., for the facilities provided for this work in 
his Department, and Dr J. 8. Weiner, under whose general direction the climatic aspects of the 
work were carried out. Invaluable assistance was given by Mr R. Baldock during the experiments. 


APPENDIX I 


The deduction of the mean blood flow through forearm and hand, and of the hand blood flow, 
from venous collection measurements made on the forearm 


In the investigation measurements of forearm volume change following venous occlusion 
immediately above the elbow were made by means of a single mercury-in-rubber strain gauge 
mounted at about the middle level of the forearm. It has been shown (Whitney, 1953) that volume 
changes recorded in this way can be considered representative of the whole forearm. 

As explained in the text two types of venous collection record were obtained, ‘with hand’ and 
‘without hand’. The ‘without hand’ curve is usually considered to record collection of venous 
blood from the forearm tissues only. As already explained, the curve in this investigation was 
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typically S-shaped, and the steepest part (the point of inflexion) of this curve has been taken as 

the volume rate for forearm tissues when the wrist occlusion is not applied. The deduction of the 

various flows then proceeds as follows. Let: 

F, (ml./100 ml. forearm tissue/min) be the initial rate of swelling of the forearm when an occlusion 
cuff is inflated to 50 mm Hg immediately above the elbow. 

F,, (ml./10 ml. forearm tissue/min) be the rate corresponding to the steepest part of the collection 
curve, obtained when the upper arm cuff is inflated (again to 50 mm Hg) subsequent to the 
inflation of a cuff to 250 mm Hg at the wrist. This volume rate is assumed equal to the blood 
flow of the forearm when no wrist cuff is applied. 

Fg (ml./100 ml. hand tissue/min) be the hand blood flow. 

V, ml. be the volume of the forearm between the two wrist cuffs. 

Vz ml. be the volume of hand, distal to wrist cuff. 

Assuming that the volume elasticities of the venous reservoirs of hand and forearm are equal 
and that the venous blood from these two parts is distributed to the two reservoirs in accordance 
with this assumption and with the relative capacities of the reservoirs, it will be seen that the total 


volume of blood flowing into forearm and hand will be 78" #*Fa¥a) oat ‘min, This will result in 


o swelling of both hand and forearm at an initial rate of 747 #*—4~4) ml,/100 ml. forearm and 
V F,V,) 

Mean blood flow (forearm + hand) = F, (i) 


Also, F, is known from the ‘without hand’ curve, Vz and V, can be determined by water displace- 
ment, so that, from (i), 7g can be expressed in experimentally determinable terms 


Hand blood flow +F,. (ii) 
H 
And the following is quite simply derived: 
Percentage of total blood supply to forearm _ |... _ 100F ,V, (iii) 
and hand which goes to the hand FAVg+Va) 


It is of interest to note that aver a series of twelve individuals of widely differing physical 
characteristics, V, was found to vary from 300 to 560 ml., V, varied from 840 to 1380 ml., 
V ,|Vq varied from 2-5 to 3:8 with a mean value of 2-88, and xp—4>— varied 0-71 to 0-76 with 

atVa 
a mean value of 0-74, It would therefore appear to be hardly necessary to measure "4 in 
atVs 
the individual case if it is required to estimate the percentage of the blood supply which goes to 
the hand. 

Of the two assumptions made in this deduction, the one concerned with the free distribution of 
the blood between the two reservoirs appears to be quite justifiable, since with the condition of 
stasis at the end of venous collection it is unlikely that the valves of the veins would impede this 
distribution. The assumption of equal volume elasticities for the two reservoirs cannot be passed 
over so readily. No facts are known on this subject, although the consensus of opinion would 
probably be that the hand reservoir is less distensible than the venous reservoir of the forearm, 
based, presumably, on the recognized rigidity of the digital reservoir. The superficial veins of the 
hand are, however, obviously distensible. If one makes the extreme assumption that the hand 
reservoir is relatively inextensible compared with that of the forearm, the estimated mean flow 


F,;xV, 
would be of ettimeted by the other The hand flow would 
become (F; - F,) 71; differing from that previously deduced, (ii), by F/—this would be a large 


difference in the vasodilated condition. However, this extreme assumption is obviously invalid, 
for in the vasoconstricted condition F; may be equal to, or even less than, F',, an event quite in 
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accordance with the assumption on which (i), (ii) and (iii) are based, but leading to an absurdity 
if the extreme assumption is made. Also, distension of the superficial components of the venous 
reservoir of the hand is visibly obvious during ‘with hand’ venous collection, so that the hand 
reservoir is by no means inextensible compared with the forearm reservoir. The possible error in 
the absolute value for the mean flow, due to the assumption of equal volume elasticities for the 
forearm and hand reservoirs, must therefore be appreciably less than the maximum possible error 
of +25%. Similarly, the possible error in the deduction of absolute values for the hand flow must 
be less than the maximum error of about +40%. These possible sources of error in the deduction 
of absolute values for the mean and hand flows would not necessarily apply if the values are used 
in the relative, rather than in the absolute, sense. For example, proportionate changes of the 
flows for one subject would still be reliably indicated even if ratios of the volume elasticities were 
not the assumed value of unity, so long as there is no appreciable variation of the actual ratio for 
the subject. The chief use made of the deduced values for mean and hand blood flow in the body 
of the paper is in this relative sense. It is not known if the ratio of the volume elasticities would 
vary for an individual subject, but it seems unlikely that the ratio could change to such an extent 
as to render unreliable the record of change of flow for the subject. It therefore appears justifiable, 
for the use which ig made of the deduced mean and hand blood flows in the body of the paper, to 
accept provisionally the assumption of equal volume elasticities of the hand and forearm reservoirs. 

The obvious advantages, particularly in climatic physiological research, of observing changes 
in the hand flow without having to enclose the hand in the artificial environment of a plethysmo- 
graph appear to justify the use of the method despite the assumptions which have to be made. It 
would, of course, be desirable to cross-calibrate the method with the usual plethysmographic one. 
It is doubtful, however, if simultaneous records from the same limb by the two methods would 
be possible without interfering with the free distribution of venous blood between the hand and 
forearm. Such interference could be expected to invalidate the strain gauge method. A comparison 
of the methods would, therefore, have to be carried out on a statistical basis, by the separate use 
of the methods on a number of subjects under standardized conditions. 


REFERENCES 


Avotrna, E, F. (1938). Heat exchanges of man in the desert. Amer. J. Physiol. 128, 486-499. 

Barcrort, J., J. C., Davies, H. W., Duncan Soort, J. M. & Furrur, W. 8. (1923). On 
the relation of the external temperature to blood volume. (Appendix I to a paper entitled: 
Observations upon the effect of high altitude on the physiological processes of the human 
body.) Phil. Trans. 211, 455-464. | 

Bazert, H. C., Sunpmrman, F. W., Doves, J. & Soorr, J. C. (1940). Climatic effects on the 
volume and composition of the blood in man. Amer. J. Physiol. 129, 69-83. 

Capps, R. B, (1936). A method for measuring tone and reflex constriction of the capillaries, 
with the in nocinal nd states J. clin. 
Invest. 15, 229. 

Dovps, J., Krynavw, R. A. & Sroparass, S. R. (1938). Some factors influencing venous pressure 
in man. J. Physiol. 92, 383-400. 

Erouna, L. W., Park, C. R., Netsox, N., Horvarts, S. M. & Patmegs, E. D. (1950). Thermal 
regulation during acclimatization in a hot, dry (desert type) environment. Amer. J. Physiol. 
163, 585-597. 

Gaskin, P. & Burton, A. C. (1953). Local postural vasomotor reflexes arising from limb veins. 
Circulation Res. 1, 27-39. 

Grant, R. T. & Pearson, R. S. B. (1938). Blood circulation in the human limb. Clin. Set. 8, 119. 

Kerstaxs, D. McK. & Coorzer, K. E. (1950). Vasodilation in the hand in response to heating the 
skin elsewhere. Clin. Sci. 9, 31-47. 

Lapgtx, W. 8. 8. (1951). Assessment of group acclimatization to heat and humidity. J. Physiol. 
115, 296-312. 

Lanspowns, M. & Katz, L. N. (1942). A critique of the yeangeerate method of measuring 
blood flow in the extremities of man. Amer. Heart J. 23, 75. 

Newsvren, L. H. (1949). Physiology of Heat Regulation and the Science of Clothing. London: 


= 

< 

Saunders. 


24 R. J. WHITNEY 


Scort, J. C., Bazerr, H. C. & Mackie, G. C. (1940). Climatic effects on cardiac output and the 
circulation in man. Amer. J. Physiol. 129, 102-122. 


Wane, 2 J. (1953). The measurement of volume changes in human limbs. J. Physiol. 121, 
1-27. 


Wikis, R. W., Haynes, F. W. & Waiss, 8. (1937). The role of the venous system in circulatory 
collapse induced by sodium nitrite. J. clin. Invest. 16, 85-91. 


Wotiuem, E. (1933). Die Blutreservoire des Menschen. Klin. Wachr. 12, 12. 
WyrwnpuaM, C. H. (1951). Effect of acclimatization on circulatory response to high environmenta) 
temperatures. J. appl. Physiol. 4, 383-395. 


\ 
4 
‘ 
a 
* 
os 
a 
. 


J. Physiol. (1954) 125, 25-42 


A STUDY OF THE VISUAL PIGMENTS OF THE 
CLAWED TOAD 


By H. J. A. DARTNALL 


From the Medical Research Council Group for Research in the Physiology 
of Vision, Institute of Ophthalmology, London 


(Received 23 November 1953) 


It is generally accepted that the spectral regions in which the sensory 
mechanisms of vision are active are determined by the light-absorbing pro- 
perties of pigments. Relationships between visual sensitivity curves and the 
absorption spectra of photosensitive substances extracted from retinal end 
organs have been established in a few instances. This has led to the belief that 
other visual sensitivity curves will eventually be explained in similar terms, 
even though pigments with the necessary properties have, so far, escaped 
detection. 

Recently a sensitivity curve of peculiar form has been reported. This was 
for the clawed toad, Xenopus laevis, and was obtained by measuring the 
lowest intensities of light from different spectral regions which were required 
to produce certain responses from the animal (Denton & Pirenne, 1951). The 
results, when plotted against wave-length, did not give a smooth bell-shaped 
curve as would be expected for a scotopic function; on the contrary they 
showed marked irregularities which included a pronounced maximum at 
570 my. 

These findings suggested that extracts of Xenopus retinae might provide 
interesting solutions for photochemical experiments. A study of the light- 
sensitive visual pigment solutions prepared from these animals is presented in 
this paper. | 

APPARATUS AND METHODS 

Measurement of absorption spectra 
Apparatus suitable for measuring the absorption spectra of highly photosensitive solutions has 
been described (Dartnall, 1952). The same apparatus and techniques were used in the present 
work, 


The stability of the solutions during these measurements was tested in the following way. 
Optical densities were measured consecutively from 380 to 620 mp, at 20 my intervals; then, 
sometimes after an interval, from 610 to 390 my, again at 20 mp intervals. If the return measure- 
ments retraced the path of the outward ones this showed that the solution was stable, at least 
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during the period of measurement. The outward and return sweeps took about 30 min each to 
complete. In certain illustrations in this paper, attention is drawn to this stability test by showing 
the results for the outward and return measurements by different symbols (empty and filled 
circles, respectively). Whether so indicated or not, however, this procedure was always followed. 

All density measurements were made at 20-040-2° C (uncorrected) and were for an optical 


path length of 0-5 cm. 
The bleaching apparatus 
This, again, was as previously described. Suitable intensities of the approximately mono- 
chromatic bands of light for bleaching the solutions were obtained by adjusting the widths of the 
entrance and exit slits of the monochromator. The corresponding band widths for each dominant 
wave-length of bleaching, and the stray light filters employed, are given in Table 1. During 
bleaching, the temperature was controlled at 20° C. 


Tastz 1. Purity of the spectral bleaching lights 


Dominant Approximate A 
wave-length range stray- 

(mp) (my) 

650 +16 Ilford 608 
630 +15 Ilford 204 
580 +13 Ilford 626 
530 +10 Ilford 625 
480 + 5 Ilford 621 
480* +7 Ilford 621 
430 + 6 Ilford 601 


* For the second bleaching of extract IIIb with light of dominant wave-length 480 my (see 
Table 4) the intensity was increased by widening the slits of the monochromator. 


Preparation of the visual pigment solutions 

The toads (X. laevis) were kept in the open in a large bath filled with water. They were fed on 
raw liver and, occasionally, on raw meat. The eight typical animals used in preparing extract IV 
weighed 950 g, or an average of just under 120 g apiece. 

Before the preparation of a retinal extract the toads were kept in darkness for at least 40 hr. 
All procedures following this period of dark adaptation were carried out in a dark room, in the 
general illumination of a deep red photographic safe-light. Additional light, where necessary for 
operations such as removal of retinae, was provided by a cycle torch lamp fitted with Ilford 
‘monochromatic’ filter no. 609 (transmitting from 650 my to the infra-red), Unnecessary exposure 
of the retinae or of the photosensitive solutions prepared therefrom, even to these relatively 
ineffective radiations, was avoided, For example the tube, into which the retinae were put after 
extraction, stood in an aluminium cigar protector and was withdrawn only for the purpose of 
adding a retina or for some other essential operation. 


Removal of retinae 

The toads were beheaded and the heads washed free from blood in running water. A single cut 
was then made across the cornea with sharp scissors. The retinae were removed by a method 
based on that used by Lythgoe for the frog (Lythgoe, 1937). In this method the head was held in 
the left hand ‘with the forefinger on the palate just behind the eye and the thumb in the corre- 
sponding position on top of the head’. By this means the forefinger served as a backing to the 
eye and prevented inward collapse when first the lens, and then the retina, were picked out with 
forceps. The retinae were accompanied by considerable amounts of black pigment. 


Isolation of the outer limbs of the retinal end organs 

Because of the difficulty in obtaining the retinae clean it was decided to separate the outer 
limbs of the end organs from the rest of the retina, using Saito’s technique (Saito, 1938). The 
retinae were placed, therefore, in a tube and vigorously shaken with 2 ml. of 35% (w/v) sucrose 
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solution. This treatment caused the outer limbs to break away from the retinae. On spinning the 
mixture at 4000 rev/min for 20 min, the heavier black pigment and other retinal debris separated 
to the bottom, leaving the outer limbs suspended in the supernatant sucrose solution. After 
withdrawal of this, a further suspension of outer limbs could be obtained by adding 2 ml. more 
of sucrose solution to the residue and repeating the whole procedure. The quantity of outer limbs 
obtained was judged, in the safe-light illumination, by the cloudiness of the suspensions. Examina- 
tion of small samples of first and second supernatants in daylight confirmed that the first contained 
most of the outer limbs; these gave to the mixture a reddish violet colour which changed to 
orange on exposure. 

The residues were stratified in three layers: the lowest was black; the middle one, dark brown; 
the top layer—consisting of retinal debris—usually colourless, but sometimes showing patches 
of a reddish violet colour which faded on exposure to light. 

Each suspension of outer limbs was diluted with 4 ml. of pH 4-6 buffer (pH 6-5 in the case of 
extract II). Because of the reduction in specific gravity and viscosity resulting from this dilution, 
the outer limbs sank to the bottom of the tube, a process hastened by centrifuging at 4000 rev/min 
for at least 20 min. The clear supernatants, which were either colourless or very pale yellow 
(faintly pink and photosensitive when the diluent was pH 6-5 buffer), were withdrawn from the 
compacted precipitate and discarded. The outer limbs were then washed into one tube with 2-4 ml. 
of pH 46 buffer (pH 6-5 in the case of extract II), centrifuged, and the colourless—or nearly 
colourless—washings removed and discarded. 


TaBiE 2. Preparation details of the extracts 


Extract I II Illa IV 
Date of 24.ix.51 3.x. 51 29. iv. 52 15. ix. 52 
= dark-adaptation 66 42 89 68 
) 
Number of toads 6 ll 10 s 
Number of 12 22 20 15 
Volume (ml.) of 2% digi- 10+1-0 20 15415 1-0+1-0 
tonin solution used in ex- 
traction of outer limbs ‘ 
Volume (ml.) of buffer 0-2 s.b. 0-2 s.b. 0-15 peg 0-15 s.b. 0-2 s.b. 
added (to 1-5 ml.) (to 1-5 ml.) 
Total volume (ml.) of 2-2 2-2 1-65 1-65 2-2 
extract (approx.) 
pH of extract, at 20° C 8-60 8-61 4-55 8-62 8-65 


The following solutions were used: ‘s.b.’, a saturated solution of sodium borate; and ‘p.h.p.’ 
a molar/20 solution of potassium hydrogen phthalate. 
Extraction of visual pigments from the outer limbs 

The washed outer limbs were stirred with freshly prepared 2% digitonin solution (Tansley, 
1931) for 2 min and then centrifuged at 4000 rev/min for 20 min. The supernatant, containing 
any visual pigment released by the digitonin, was withdrawn into a clean tube. The residue was 
usually treated with a further portion of digitonin solution and the procedure repeated, the second 
supernatant being added to the first. The resulting extract was then brought to the desired pH by 
the addition of suitable buffer solution. Details of the extracts are given in Table 2. 


Keeping qualities of the extracts 

The extracts were stored in darkness in a refrigerator (about 3° C) and portions were withdrawn 
as required for experiments. The extracts were spun at 4000 rev/min on each occasion before 
sampling. Since only 0-4 ml. was required to fill an optical cell and since the experiments were 
often of long duration, each extract provided work over a considerable period. 

The alkaline extracts showed a gradual increase in density on storage, most of which was due 
to an increase in light-scattering power. There was, however, little change in the amount of 
photosensitive material. Thus the density change at 520 mp on complete bleaching of a sample 
of extract I, taken on the day of preparation, was 0:1244; for one drawn on the 2nd day, it was 
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0-1262 and for one drawn on the 4th day, 0-1263. The slight gain in photosensitive material (also 
evident in other extracte—see Table 4) was probably due to regeneration of pigment from smal] 
am ounts of bleached products present in the freshly prepared solution, but could also have been 
due to the existence of a slight density gradient in the storage tube set up through prolonged 
centrifuging. 

The behaviour of the only acid solution prepared was entirely different. There was a rapid initial 
loss of density due to settling out of a light precipitate, some hours after preparation, with 
consequent clearing of the originally opalescent solution. Also, a steady loss of photosensitive 
pigment occurred, amounting to about 15% in 6 days. 


RESULTS 
Absorption spectra of the extracts 

Four extracts were prepared between September 1951 and September 1952. 
Extracts I, II and IV were made alkaline, while extract III was divided into 
two portions, one of which was made acid (IIIa) and the other alkaline (III). 

The absorption spectra of samples of each of these five solutions with 
respect to similarly buffered solutions of digitonin are shown in Fig. 1, in 
which the optical density is plotted against wave-length. The curves are of 
different heights (except those for extracts II and IV which, by chance, are 
identical) because of the varying concentrations of the solutions.. In other 
respects, however, the curves are similar. Thus each has a maximum between 
509 and 516 mp and a minimum between 429 and 435 mu. 


TaB_e 3. ‘Purity’ of extracts and wave-lengths of maximum absorption 


Extract pH Ratio (Mp) 
I 8-60 0-47 516 
Il 8-61 0-52 514 
Illa 4°55 0-68 509 
Illd 8-62 0-63 511 
IV 8-65 0-52 514 


All the solutions contained impurities which, being yellow in colour, 
absorbed light with increasing strength as the short wave-length extreme of 
the spectrum was approached. The different proportions of impurity to visual 
pigment in the extracts accounts for most of the variation in the wave-length . 
positions of the maximum and minimum. 

The ‘purity’ of each solution can be roughly assessed (cf. Collins & Morton, 
1950) by the ratio of the optical density at the minimum (429-435) to that 
at the maximum (509-516 my). In Table 3 these ratios are tabulated, together 
with the wave-lengths of maximum absorption. 

Solutions of frog visual purple, prepared in this laboratory by a method 
similar to that used in the present work, have had ratios varying between 
0-38 and 0-47. That solution with the ratio 0-47 had an absorption maximum 
at 499-500 my, i.e. 2-4 mp lower than the accepted maximum for visual 
purple (502-503 my). As Table 3 shows, the Xenopus extract which also had 
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this ratio absorbed maximally at 516 my. This suggests that, in the absence of 
impurities, the maximum would have been some 2-4 my higher, that is at 
518-520 my. 


Optical density (05 cm path) 


Wave-length in my 


Fig. 1. Absorption spectra of the extracts at 20°C. @, extract I, pH =8-60; @, extract II, 
pH =8-61; @, extract IIa, pH =4-55; ©, extract [I1b, pH =8-62; O, extract IV, pH =8-65. 


Effect of pH Behaviour of the extracts on exposure to light 


The behaviour of Xenopus extracts on exposure to light depends on pH. 
This is shown by the following experiments, for which purpose extract ITI was 
divided into two nearly equal portions; one was acidified (extract Illa, 
pH 4-55) and the other made alkaline (extract III16, pH 8-62). 

Behaviour in acid solution. About 17 hr after addition of the acid buffer, 
extract II11a—which was originally opalescent—developed a precipitate and 
became clear. The following experiment was carried out on a sample of the 
extract after this clarification had occurred. The absorption spectrum before 
exposure to light is given by curve 1a of Fig. 2. Although the correspondence 
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between the outward and inward density measurements (empty and filled 
circles respectively) shows that the solution was not perceptibly changing 
during the course of the measurements, a slow loss of photosensitive pigment 
could have been detected over longer periods, and the 6-day-old sample used 
in the present experiment contained about 15% less pigment than originally. 

When the measurements shown in curve la of Fig. 2 had been completed, 
the solution was exposed to a 15 W lamp for 5 min. The absorption spectrum 
after this exposure is given by the curves 2a of Fig. 2. As shown by the 
difference between the outward and inward measurements, the bleached 
solution was unstable, due to thermal fading of a substance absorbing 
maximally in the region of 450 my. 

The solution was left undisturbed in darkness at 20° C overnight (17 hr) 
after which time measurements of its absorption spectrum (curve 3a, Fig. 2) 
showed that further major changes had taken place. To ascertain whether any 
regeneration of photosensitive pigment had occurred during this period, the 
solution was then exposed to the 15 W lamp for 5 min. However, this caused 
no measurable changes. Although curve 3a of Fig. 2 appears to indicate that 
after 17 hr the bleached solution had reached a stable condition, changes in 
absorption, too slow to show up in the 50-60 min period of measurement, were 
in fact still taking place. This was proved by subsequent measurements of the 
absorption spectrum after further prolonged periods in darkness. These mea- 
surements (not shown in Fig. 2) indicated that, even after 162 hr, changes 
were still occurring. During the period of 17-162 hr after bleaching there 
were slight losses of density at all wave-lengths greater than 391 my, the 
maximum loss (total=0-022) being at 434 my. At wave-lengths less than 
391 mp (which was an isosbestic point for these later changes) there were 
corresponding slight increases of density. The later slow fading was thus 
different in nature from the original rapid fading. | 

This experiment shows that a succession of thermal (dark) reactions occur 
after exposure of an acid solution to light. These reactions are not fast enough 
to reach early completion, and not slow enough to be negligible. Consequently 
at no reasonable time is a satisfactorily stable condition reached. This, together 
with the fact that the visual pigment itself is not very stable under acid 
conditions, makes it impracticable to study the behaviour of such solutions 
by the present slow methods. | 

Behaviour in alkaline solution. The results of a similar experiment on the 
alkaline portion of the extract are shown by the curves 1b, 2b and 36 of 
Fig. 2. The absorption spectrum of the unexposed solution (curve 16) was 
similar to that of the acid solution. On exposure to the 15 W lamp, however, 
the solution was bleached to a condition (curve 26) which was photometrically 
similar to that of the well-faded acid solution and quite unlike that of the 
freshly bleached one. Moreover, the newly bleached alkaline solution was 
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stable, apart from slight changes which occurred in the violet region of the 
spectrum during the course of measurement. This stable condition, reached in 
alkaline solution so soon after exposure, was maintained for long periods. 
Thus after 17 hr in darkness at 20° C the absorption spectrum (curve 36) had 
only slightly changed. 


$23 
a’ curves) 


Optical density (‘a’ 
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Fig. 2. The different behaviour of acid and alkaline extracts on bleaching. The ‘a’ curves refer 
to an acid solution (extract IIIa, pH =4-55); the ‘b’ curves to an alkaline one (extract III}, 
pH =8-62). Curves 1, initial absorption spectra; curves 2, after 10 min exposure to a 15 W 
lamp; curves 3, after 17 hr in darkness. ©, measurements made consecutively from 380 to 
620 my; @, return measurements from 610 to 390 mu. Temperature, 20° C throughout. 


In this experiment the solution had been exposed to the 15 W lamp for 
10 min and a further period of 5 min or so had elapsed before observations on 
the bleached solution were begun. In another experiment (this time using 
a portion of extract II) the interval between exposure and measurement was 
reduced by using a 100 W bleaching lamp and cutting down the exposure time 
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to 1 min. Immediately afterwards a few density measurements were made as 
quickly as possible. These indicated that rapid thermal changes were taking 
place. When all changes had ceased the full absorption spectrum of the bleached 
solution was measured. Comparison of the data obtained at various times for 
the bleached solution with the original absorption spectrum showed that 86 % 
of the total change was achieved within 2 min and practically all within 11 min. 
Since, in this work, all other exposures were of at least 5 min duration (and 
often much longer) and a further minimum period of 5 min elapsed before 
observations on the bleached solution were begun, these transient changes 
normally passed unnoticed (cf. the transient orange stage (Lythgoe, 1937; 
Lythgoe & Quilliam, 1938) in the bleaching of visual purple solutions). 


Partial bleaching of alkaline solutions 

In addition to measurements (such as those just described) of the absorption 
spectra of solutions before and after bleaching to completion with white light, 
alkaline solutions were also investigated by the method of partial bleaching. 
The solutions were exposed to narrow spectral bands of light from a mono- 
chromator for times sufficient to bleach only a portion of the total photo- 
sensitive material present. After their absorption spectra were measured the 
partially bleached solutions could then be re-exposed to the spectral light 
for further bleaching. Finally, bleaching was completed by white light. 

Some of the results obtained are shown in Fig. 3. Curves 1-4 (Fig. 3) give, 
respectively, the absorption spectra of a sample of extract IV —before bleaching, 
after an hour’s exposure to light of dominant wave-length 580 my, after a 
further hour’s exposure to the same yellow light and finally after exposure to 
white light (15 W lamp) for 10 min. Curves 5-8 (Fig. 3) show a similar sequence 
obtained with a sample of extract IIIb and give, respectively, the absorption 
spectra before exposure, after 14 hr exposure to light of dominant wave-length 
480 my, after a further 14 hr exposure to the same blue light (but roughly 
twice the previous intensity) and finally after 5 min exposure to white light. 

As shown by the correspondence between the outward and inward measure- 
ments (empty and filled circles) in all curves, the solutions were thermally 
stable, at whatever time the bleaching was interrupted. Because of this, and 
the great stability of the visual pigment itself, alkaline solutions are suitable 
for detailed study since they can be bleached by instalments with the know- 
ledge that the bleached moiety produced by previous exposures will remain 
thermally stable during a further exposure. 


Difference spectra of alkaline solutions 
Difference spectra obtained by bleaching to completion 
Since alkaline solutions were stable, both before and after bleaching to 
completion with white light, the changes in absorption obtained by sub- 
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tracting the curve for the bleached solution (e.g. curve 25, Fig. 2) from that for 
the unbleached (curve 1b) are reproducible functions. Such difference spectra 
are independent of stable impurities since these have contributed equally to 
the absorption both before and after exposure to light. | 
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Fig. 3. The partial bleaching of alkaline solutions. Curve 1, original absorption spectrum of 
a sample of extract IV (pH 8-65); curve 2, after exposure to yellow light (580 my); curve 3, 
after further exposure to yellow light; curve 4, after exposure to ‘white’ light; curve 5, 
original absorption spectrum of a sample of extract IIIb (pH 8-62); curve 6, after exposure to 
blue light (480 my); curve 7, after further exposure to blue light; curve 8, after exposure to 
‘white’ light. ©, measurements made consecutively from 380 to 620 my; @, return mea- 
surements from 610 to 390 my. Temperature, 20° C. 


When plotted as a percentage of its maximum, the alkaline difference 
spectrum thus gives us a means of precise comparison between different 
extracts. Three difference spectra, obtained in this way by total bleaching of 
samples of extracts I-III, are plotted in Fig. 4.4. Within experimental error 
these difference spectra are identical. This shows that, over the whole period 
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of the investigation, the photosensitive components of the extracts were 
strictly reproducible. This conclusion could not have been reached from a 
study of absorption spectra alone (Fig. 1), in view of the varying ‘purities’ 
and degrees of opalescence of the extracts. 
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Fig. 4. The ‘alkaline’ difference spectra (max. = 100). A, difference spectra obtained on complete 
- bleaching by white light (x, extract I; O, extract Il; +, extract IIIb). B, difference 
spectra obtained on partial bleaching by lights of dominant wave-lengths 650, 630, 580, 530, 
480 and 430 my. The vertical lines show the range of results. C, difference spectra obtained 
on exposing, to white light, solutions which had been partly bleached by previous exposures, 
as follows: [), to 650 my; O, to 630 my; x, to 580 my; @, to 480 my; +, to 430 mp. The 


continuous line through each group of results is the mean of the B results. Temperature, 
20° C, pH 8-60-8-65. 


Difference spectra obtained by partial bleaching 

In the case of solutions bleached in instalments by a series of exposures to 
light (Fig. 3), difference spectra can be similarly constructed by subtracting 
the absorption spectrum for one stage from that for the preceding stage. The 
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value of this procedure is that it enables us to decide whether a pigment is 
homogeneous or whether it is a mixture of two or more others. For instance 
the Xenopus pigment, as indicated by the difference spectra of Fig. 4A, is 
certainly neither pure visual purple nor pure visual violet, for its difference 
spectrum lies about halfway between those found for these two well-known 
pigments. But the results of Fig. 4.4 might perhaps arise from a mixture of 
visual purple and visual violet in about equal proportions. If this were the 
case partial bleaching with yellow light would affect chiefly the visual violet, 
whereas partial bleaching with blue would affect chiefly the visual purple. 
Clearly the difference spectra in the two cases would not be at all alike: one 
would be mainly that of visual violet; the other of visual purple. If, on the 
contrary, we have to deal not with a mixture but with a homogeneous pigment, 
then the difference spectra in the two cases will be identical when scaled to the 
same maximum. 

The answer has already been provided in Fig. 3, where curves 2 and 3 show 
the effect of bleaching by yellow light (580 my), curves 6 and 7, the effect— 
on another solution—of blue light (480 my), and curves 4 and 8 the results of 
the final exposures to white light in the two cases. The changes from stage to 
stage appear to be the same whether yellow, blue or white bleaching lights are 
used, and the constant isosbestic point throughout confirms this. These, and _— 
all the other partial bleaching results, are displayed more clearly in Fig. 4 B, C 
as difference spectra scaled to the same maximum. 

The eight difference spectra obtained by monochromatic-light bleaching 
(dominant wave-lengths 650, 630, 580, 530, 480 and 430 my) lay within the 
narrow ranges indicated by the vertical lines in Fig. 4B: the five difference 
spectra obtained by the final exposures to white light are separately shown in 
Fig. 4C. All results are substantially the same, from which it can be concluded 
that the Xenopus pigment is not a mixture of visual purple and visual violet, 
nor, indeed (in a gross sense) a mixture at all, but a single, new pigment with 
absorption maximum at about 520 mp. 


Variations in the difference spectra 

The evidence for the homogeneity of the Xenopus pigment, as shown by the 
small scatter of the results in Fig. 4B, C, is so good that it might be thought 
out of the question to extract further information by analysing such slight 
differences as are found. However, these differences, though small, are outside 
the limits of experimental error; they bear a consistent and expected relation- 
ship to the bleaching light employed and they lead to some unification with 
other work. | 

Errors of measurement. The standard error of a density determination was 
about 0-0005 log unit (Dartnall, 1952). Thus when one set of density measure- 
ments (constituting an absorption spectrum at one stage of the — 


{ a 
ta 
+ 
on 


36 H. J. A. DARTNALL 


is subtracted from another, each member of the resulting set of differences 
has a standard error ,/2 times as great, namely 0-0007. For the sake of com- 
parison all the difference spectra in Fig. 4 were plotted with their maxima = 100, 
although their actual maxima ranged from 0-022 to 0-138 (Table 4). Conse- 
quently, the standard errors of these curves vary from about 3 to 05%. 


Tasue 4, Details of the experiments 


Bleaching conditions Optical density 
A at 520 my 
of Dominant a_i Density 
wave- Before After loss at 
Extract* (days) lengtht Duration Method{ exposureexposure 520 my 
I 0 15Wilamp 10min A 0-1268 0-0024 0-1244 100 
I 1 630m 2 hr B -- — 00975 77 
I 3 2 hr A 0-138] O-1115 0.0997 | 01263 21 
| 15 W lamp 20 min 01115 0-0118 0-0997 79 
Il 2 15Wiamp 20 min A 0-1477 0-0093 0-1384 100 
II 5 100Wlamp min A 0-1496 0-0167 0-1329 96§ 
6 530 mp Lhr A 01508 +0-0190 0-1313 95§ 
Illa 0 15 Wiamp 10min A 00938 —| 100 
Illa 6 15 Wiamp 10 min A 0-0757 (| 100 
0 16 Wilamp 10min A 0-0871 00123 0-0748 100 
14 480 my 1} hr A 0-0906 0-0689 0-0217 28-5 
480 m 1¢ hr 0-0689 0-0435 0-0254} 0-0758 33-5 
15 W lamp 5 min 0-0435 0-0148 0-0287 38 
IV 1 580 lhr A 0-1481 0-0777 04 51 
580 m lhr 0-0777 0-0481 0.0206 [1380 21 
15 W lamp 10 min 0-0481 0-0101 28 
IV 2 430m 17 hr B — — 010565 73 


_* Details of the extracts, viz. dates of preparation and pH, are shown in Table 2. 
+t The band widths of the spectral lights, and the stray-light filters used are given in Table 1. 
} In method A the absorption spectra of the sample before and after bleaching were measured 
with respect to a similarly buffered digitonin solution; in method B, the changes in absorption of 
the sample were measured directly by using an identical, but unexposed, sample as the reference 
solution. 


§ Calenieted on the sesumption that the total posible density loes at 520 my was 0-1394. 
|| Bleached acid solutions were unstable (cf. Fig. 2, ‘a’ curves). 


Results. When the individual difference spectra in Fig. 4B were examined 
with these differing errors in mind, significant deviations were found in two 
instances. These were for the bleachings with lights of wave-lengths 630 and 
580 my, and showed very slightly higher values on the long wave-length side 
of the maximum than those of the mean curve. 

These deviations are more clearly seen—though in a reverse sense—in the 
corresponding curves ‘©’ and ‘ x ’ of Fig. 4C. Thus, considering values to the 
right only of the maximum, the points ‘©’ and, to a lesser extent, ‘ x ’ fall 
consistently below the others. This would appear to confirm that a pigment 
with maximum in the yellow (c. 570 my) had been preferentially removed by 
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the preliminary bleachings (with 630 my in the one case and with 580 my in 
the other). Since the various results in Fig. 4 are differently scaled (see Table 4 
for actual density changes at the maximum) quantitative aspects cannot here 
be urged and will not be developed. Plotting the curves with a common 
maximum of 100 (necessary for the basic comparison) also entails that all 
differences between curves—differences which might arise through the pre- 
sence or absence of minor amounts of other pigments—vanish at or near 
520 my. All that can be claimed is that variations jn certain of the difference 
spectra provide some evidence that the solutions contained a small amount of 
a yellow-absorbing photo-labile pigment in addition to the main pigment. 

With regard to the points to the left of the maximum in Fig. 4C there are 
even greater divergences, again of a consistent kind. But the interpretation 
is decidedly more difficult. Hubbard & Wald (1952) have shown that when 
a solution of frog’s visual purple, which had been bleached to completion with 
orange light, was exposed to white light, density losses occurred, maximally 
at 410 my. This additional change was found to be due to the isomerization, 
in white light, of the photo-products from the orafge bleach. An apparently | 
similar phenomenon has been observed with visual pigment 533 (visual violet 
from the pike) for if a retinal extract from this fish is first bleached to com- 
pletion with long wave-length light and then exposed to white light, small 
additional density losses occur, maximally at 420 my (Dartnall, unpublished). 

If the photo-product of the main Xenopus pigment isomerized in this way, 
the difference spectra in Fig. 4C, obtained by bleaching with white light, 
might be expected to show some density change around 415 my from 
this cause. It seems unlikely, however, that this could account for all the 
variations exhibited by the results to the left of the maximum. But without 
further analysis it would be unsafe to attempt to separate the isomeric changes 
from those due to possible residual pigments. 


Absorption maximum of the main pigment 

The means of the results obtained by monochromatic-light bleaching are 
described by the continuous curve in Fig. 4B. The positive maximum of this 
curve is clearly at about 520 mp, but it can be more precisely located (to 
+ 1 mp) in the following way. The mean results in the range 490-550 my can be 
accurately described by the function 


y=Aa?+Ba+C, 


where y and 2 are ordinate and abscissa values, A = —0-01985, B= 20-69593 
and C = —§294-5. This function has a maximum (dy/dz=0), where z= — B/24, 
at 521 my. 

Under similar alkaline conditions the difference spectrum of visual pigment 
502 (frog visual purple or rhodopsin) has a maximum at 504 my, that is, at 
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2 mp higher than for the visual pigment itself. If we may assume a like dis- 
placement in the present instance, then the indicated maximum of the 
Xenopus pigment is at 519 my. 

The contributions of the yellow-sensitive pigment to the difference spectra 
would tend to make this figure somewhat on the high side. It is unlikely, 
however, that the error, so introduced, exceeds 2 mp. 


DISCUSSION 


This investigation has shown that the visual pigment solutions, prepared from 
the retina of Xenopus, consist mainly of one photosensitive pigment having its 
absorption maximum at about 519 my. In addition, there appears to be 
present, though in much smaller amount, a second photosensitive pigment 
with maximum at about 570 mu. Additional evidence for this second pigment 
is provided by quite a different consideration. 

It has been observed (Dartnall, 1952, 1953) that the absorption curves of 
a number of visual pigments have practically the same shape when plotted 
upon an abscissa scale of light frequency (instead of the usual wave-length). 
If the curves are scaled to the same maximum they may be made to coincide 
with each other simply by sliding them horizontally along the frequency axis. 
It is interesting to see how well the Xenopus data fit this standard curve. 

In Fig. 5 the absorption spectrum of the best Xenopus extract—best in the 
sense that it contained least of the blue-absorbing photostable impurities—is 
plotted as the filled circles. The continuous curve is the standard curve with 
its maximum at 519 my but now plotted against wave-length. To the left of 
the maximum, the whole-extract data lie above the standard curve, becoming 
increasingly discrepant (because of impurities) towards the short-wave extreme 
of the spectrum. To the right of the maximum, however, the extract data lie 
close to the standard curve but, nevertheless, slightly above it, the difference 
between them being maximal in the yellow. 

This discrepancy to the right of the maximum is precisely of the sort we 
were led to expect by the partial bleaching experiments. The absorption due 
to the 570 pigment adds to that of the 519 pigment in this region. One would, 
therefore, expect when the 570 pigment had been largely removed from an 
extract by bleaching with light of 630 my, that subsequent white light 
bleaching would give the difference spectrum of pigment 519 relatively un- 
contaminated (circles, Fig. 4C’). And since, to the right of the maximum, the 
difference spectrum is almost identical with the absorption spectrum (photo- 
products absorbing very slightly here), we may obtain a better estimate of the 
absorption spectrum of the pure 519 pigment by simply replotting the circles 
of Fig. 4C to the right of the maximum. This has been done in Fig. 5 and the 
circles are seen to confirm the idea that the pigment 519, like other visual 
pigments, fits the standard curve. 
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The difference between the filled and empty circles in Fig. 5 is plotted as the 
dotted curve (double scaling for clearness) and gives a rough estimate of the 
absorption spectrum of the 570 pigment (subject to the remarks already made 
regarding subtraction of curves plotted with their maxima=100). This esti- 
mate suggests that the maximum density of the 570 pigment is some 10% of 
that of the main pigment. It is not possible, however, to argue from this figure 
to the relative densities or distributions of the two pigments in the intact 
retina. 


| 


Wave-length in mu 
Fig. 5. Comparison of the absorption spectrum for the best extract with the calculated absorption 
spectrum for visual pigment 519. @, the absorption spectrum (max. =100) of extract I; 
——, the calculated curve for visual pigment 519; O, replotted from Fig. 4(0); ...... , smooth 
curve through the differences between @ and © ( x 2). 


Interpretation of the spectral sensitivity curve of Xenopus 

The spectral sensitivity of Xenopus has been measured by two methods 
(Denton & Pirenne, 1951). In the first, the minimum intensities producing 
expansion of the skin melanophores were recorded: in the second, the inten- 
sities were measured below which the animal failed to go into the darker part 
of a tank, it being a characteristic of Xenopus to seek the shade. 

The results, which were reported in energy units, have been recalculated in 
terms of quantum intensities, and are plotted in Fig. 6 as log), relative sensi- 
tivity (sensitivity against a frequency scale. This 
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method of presentation facilitates comparison with the anaes spectra of 
the visual pigments concerned. 
The sensitivities obtained by the two methods, shown in Fig. 6 by the crosses 
and circles respectively, are in agreement. They show that the spectral sensi- 
tivity curve has an irregular shape, a prominent feature being the ~— 
maximum at 560-570 my. 


| 


450 500 550 600 650 700 750 
Wave-length in my 
Fig. 6. Interpretation of the spectral sensitivity of X. laevis. +, O, log, relative sensitivity 
(max.=100); +, from thresholds for expansion of skin melanophores; ©, from thresholds 
for the seeking of shade; ——, calculated absorption spectrum for visual pigment 519 
(log. basis); ...... , ‘absorption spectrum’ of the 570 pigment (log. basis) from Fig. 5. (Equal 
distances along the axis of abscissae are equal frequency intervals.) 


When attempting to account for sensitivity curves in terms of absorption 
spectra it is, at present, impossible to make more than a shape comparison: 
although both sensitivity and absorption data are fixed with respect to the 
horizontal (wave-length) axis, there is no guide to their relative vertical 
placing. Normally—when a sensitivity curve is obviously mediated by a 
single pigment—this does not present any difficulty; the equating of maxima 
(for example) should result in complete coincidence of the two sets of data 
compared. In the present instance, however, the sensitivity data form a curve 
of unusual shape, not bearing any obvious relationship to the normally 
shaped absorption spectrum of visual pigment 519. However, visual pigment 
519 is ‘there’ in the retinal extracts and it seems reasonable, by analogy with 
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extracts from other species, to suppose that the main pigment is the scotopic 
pigment. 

If a curve to represent the absorption spectrum of the main pigment is 
moved upwards in Fig. 6, parallel to the vertical axis, it touches the sensitivity 
data first at 520 my. Drawn in this position (continuous line) it agrees with 
the sensitivity results only over the very short wave-length range of 490-520, 
though a reasonable extrapolation to long wave-lengths would again agree 
with the sensitivity data. In no other position could even this measure of 
agreement be obtained. 

In the blue the sensitivity data lie above the 519 pigment curve. The real 
difference is probably greater than indicated in Fig. 6, for the sensitivity 
should be corrected for the absorption of light by the pre-retinal media. This 
difference suggests that the sensitivity is mediated in this region by a blue- 
absorbing pigment. No clear-cut evidence for such a pigment was obtained 
in the present experiments. Variations in the difference spectra were certainly 
observed at short wave-lengths (Fig. 4B, C), but it was not possible to inter- 
pret them with certainty because of other disturbing factors. 

Even more marked than the ‘blue hump’ is the peak of sensitivity in the 
yellow. This peak is reasonably well fitted by the ‘absorption spectrum’ for 
pigment 570 (dotted curve of Fig. 5 drawn so that its maximum coincides with 
the peak of sensitivity in Fig. 6), suggesting that it may be, after all, a fair 
approximation to the true absorption spectrum for the yellow-sensitive 
pigment. 

The fact that the Xenopus sensitivity curve appears to be mediated by more 
than one pigment raises interesting questions, one of which may be briefly 
stated. The Xenopus retina contains cones, as well as rods (K. Tansley, private 
communication). Presumably, therefore, Xenopus-vision can be photopic as 
well as scotopic. Do Denton & Pirenne’s results (1951) refer to an exclusively 
scotopic condition? Although the intensities measured were thresholds, they 
were thresholds causing expansion of the skin melanophores, or causing the 
animal to seek the shade. Because of inertia, or for other reasons, such thres- 
holds are bound to be higher than the purely visual ones. If the measured 
thresholds were very much higher than the absolute visual thresholds, it is 
possible—particularly since the responses required time to develop under the 
continuously applied stimuli—that the adaptation of the toads was raised to 
levels where photopic mechanisms came into play. By this argument visual 
pigment 519 could be a rod pigment, and pigment 570 a cone pigment. If, on 
the other hand, the animals were in a wholly scotopic condition then both 
pigments are presumably rod pigments. : 

Further work is required, both on the visual pigments and on the visual 
characteristics of Xenopus, before this and other questions can be answered. 
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SUMMARY 


1. Photosensitive solutions have been obtained by treating the outer seg- 
ments of the photoreceptors of the clawed toad, Xenopus laevis, with 2% 
aqueous digitonin. In alkaline conditions (pH=8-6) the solutions were 
thermally stable—both before and after exposure to light. Consequently, the 
changes in optical density on bleaching (difference spectra) were reproducible. 

2. Difference spectra were obtained in three ways: by complete bleaching 
in a single exposure to white light; by partial bleaching with spectral lights of 
dominant wave-lengths 650, 630, 580, 530, 480 and 430 my, and by exposing— 
to white light—solutions which had already been partly bleached by spectral 
lights of the wave-lengths mentioned. 

3. In all cases the difference spectra obtained (when plotted with their 
maxima = 100), though not identical, were very similar. From this it is con- 
cluded that the photosensitivity of the solutions was due, almost entirely, to 
one pigment, having A,,,,,,=519 my (visual pigment 519). This pigment has 
properties similar to those of other broad-band visual pigments. 

4. Slight variations of the difference spectra in the 540-600 my region 
suggest that the solutions contained, in addition, a small amount of a 
yellow-sensitive, photo-labile pigment with an absorption maximum in the 
neighbourhood of 570 my. Slight variations were also observed in the short 
wave-length region but, because of other disturbing factors, could not be 
analysed. 

5. An interpretation of Denton & Pirenne’s (1951) spectral sensitivity 
curve of X. laevis has been attempted in the light of these results. 


I wish to record my thanks to Dr E. J. Denton for the gift of the clawed toads used in this 


work, and to Dr W. A. H. Rushton for critically reading the original typescript and suggesting 
improvements to the presentation. 
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FURTHER NOTES ON PARTURITION IN THE RABBIT 


By K. J. FRANKLIN anp N. E. WINSTONE 


From the Department of Physiology, St Bartholomew's Hospital Medical 
College, London, E.C.1 


(Received 23 November 1953) 


The object of the researches to be described was to add to the findings of 
Franklin and Miles (Franklin, 1952), details about the doe’s birth canal, 
parturition posture, and arterial blood pressure changes from some time before 
to some time after the birth of her litter. 


METHODS 


The subjects were full-term Rahere does, anaesthetized by intravenous injection of pentobarbitone 
sodium 0-03 g/kg, followed as necessary by open ether. 

The details about the birth canal were obtained by study of a specimen prepared as follows. 
During a spontaneous birth the fourth foetus of a litter was arrested when it was about one-third 
delivered, and it was fixed in that position by a suture. The doe with its unborn offspring was then 
killed by an intravenous injection of 5 mg Russell’s viper venom (‘Stypven’, Burroughs Wellcome) 
in a suitable quantity of diluent, and after that fixed for 4 weeks in 5% formol saline before 
being dissected. After dissection an exact drawing was made (Fig. 1). Finally, the original colour 
was restored by the Kaiserling process and the preparation permanently mounted. 

The normal parturition posture was ascertained from the direct observations of our own and of 
other animal technicians. Then an amenable doe was put into this posture at intervals until 
a life-size outline drawing had been completed; our technician found that it correctly depicted 
the stance observed by him during normal births (it also represents fairly closely what one of 
us later saw during oxytocin-induced birth in a conscious doe). Finally, the essentials of Fig. 1 
were superi on the outline drawing to produce Fig. 2. 

In alee etized does that had fut given birth and had thereafter been laparotomized, 
we explored the unpaired portion of the uterus, both instrumentally and digitally, from the inside 
to see if mechanical stimulation of any particular site would evoke parturition efforts of skeletal © 
muscles tending to the stance so drawn. 

For the recording of the arterial blood pressure changes it was necessary to use some means 
which would let the doe carry out the rapid and forceful head, limb, and body movements natural 
to parturition without danger to the arterial connexions. At the same time we wished to 
have the record in view while the births were proceeding. The solution was to have the doe free- 
lying on her right side, with a polythene tube of suitable length connecting the left common 
carotid artery to an arterial cannula and the pressure-tubing system of a mercury manometer. 

The imminence of parturition was deduced from a knowledge of the day and hour of mating, 
and from the occurrence of ‘nesting’ and restlessness in any doe. Consideration of these points 
usually ensured that parturition began not unduly long after the anaesthetizing. In the other 
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cases we induced it by intravenous injection of 0-25 i.u. oxytocin (as ‘Pitocin’, Parke, Davis), i.e. 
half the amount liberated (Ferguson, 1941) through an artificial stimulation of the pituitary stalk. 
Usually one dose sufficed, but on occasion a second was required after about 30 min. 

The arterial pressure changes were recorded during the spontaneous births of twenty-eight 
foetuses and the oxytocin-induced births of a further fifteen; after parturition the recording was 
continued, as a rule, for 1-2 hr. Laparotomies were made after parturition in a series of subjects 
so that we might observe the state of the uterus at different times from birth. 


RESULTS 

(i) The birth canal (Fig. 1). The unpaired part of the uterus, plus the vagina 
which was in the circumstances macroscopically indistinguishable from it, 
formed a channel about 20 cm long in the 3-5 kg doe studied, and contained 
not only the rostral part of the foetus one-third born, but also the whole of the 
succeeding one. Where the canal was distended by the foetuses it was very 
thin-walled, but between them the uterine musculature was condensed and 
thick and the lumen negligible. The narrow part of the channel between the 
symphysis pubis and the terminal portion of the spinal column was about 
2 cm in diameter; mechanical pressure on this part in the direction of the 
spinal column in does that had recently given birth evoked strong parturition 
efforts of skeletal muscles. These efforts had as their basis contractions of the 
diaphragm and abdominal muscles, but we noted also arching of the back, 
elevation of the scut, ventroflexion of the hind-limbs, on occasion ducking 
movements of the head, and sometimes slight abduction of the left fore-limb. 

(ii) The normal parturition posture (Fig. 2) is very akin to the total result of 
such skeletal muscle contractions, but in the conscious animal there is also 
extension of the fore-limbs (except the feet), while the hind-limbs are some- 
what splayed and hold the main part of the body some distance off the ground. 
In this posture the long axis of the last part of the birth canal is so directed 
that a foetus during birth is propelled forwards and downwards between the 
doe’s hind-limbs and comes to rest not far from her mouth. She can, therefore, 
readily remove the membranes if necessary and deal with the placenta. In 
our experiments, however, it was fairly common for foetuses to be born 
already free from membranes and placentae, and respiration usually began 
quickly—some foetuses even started to breathe while their heads were still in 
the birth canal. Further proof of the healthy state of the offspring was given 
by the facts that righting reflexes were shown in a number of the new-born, 
and that some that were put to nipples indulged in sucking efforts. 

(iii) Arterial blood pressure changes in anaesthetized does (Figs. 3-4). With 
our recording technique, and the smoked paper moving at 3-5 cm/min, pressure 
variations during individual cardiac cycles were not shown; nor, as a rule, 
were ordinary respiratory oscillations obvious, and in no case were they at all 
marked. During an initial period which varied in length with the particular 
doe’s nearness to parturition, rises and falls were seen in the pressure 
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Fig. 1. Foetus and caudal part of birth canal of a doe rabbit. 1, foetus one-third born; 2, placenta; 
| 3, umbilical vessels; 4, umbilicus; 5, symphysis pubis; 6, caudal end of spinal column; 
7, thick-walled common part of uterus between foetus shown and next one; 8, smooth colon; 
9, anus; 10, mid-line of abdomen; 11, scut. Scale in cm. 


Fig. 2. Natural parturition posture of doe rabbit. Scale in cm. 
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corresponding, with a time-lag of 2-5 sec but a fairly constant one in each sub- 
ject, with uterine contractions and relaxations as ascertained by light palpation 
of the abdomen. The correspondence was so accurate that it was possible 
through palpation to say, without looking at the record, what was happening 
on it. There was a tendency at the beginning for parts of the uterus to move 
asynchronously, and thereafter for the organ to act more as a whole; in the 
former phase the blood pressure oscillations were less regular and of the order 
of a few mm Hg; in the latter phase they were more regular, sometimes 


Fig. 3. Part of record of arterial blood pressure during spontaneous parturition in anaesthetized 
doe. 1, urine passed; 2, os dilated, ‘show’; 3, os contracting down; 4, footling presentation, 
lst foetus half out; 5, lst foetus two-thirds out, breathing, though head still in birth canal; 
7, lst foetus out; 8, lst placenta out; 9, footling presentation 2nd foetus; 10, 11, 12, 2nd 
foetus farther, half, and two-thirds out; 13, 2nd foetus gasps, with head still in birth canal; 
14, 2nd foetus three-quarters out; 15, 2nd foetus out, breathing; 16, precipitate birth 
3rd foetus, breathes; 17, ‘show’, placenta and membranes out; 18, 19, bearing down; 
20, parturition effort, placenta and membranes out; 21, precipitate birth 4th foetus, placenta 
and membranes, foetus breathed on removal from membranes; 22, 23, 24, parturition efforts; 
25, 5th foetus, placenta and membranes out; foetus breathed on removal from membranes. 
(N.B. Births of three more foetuses in later part of record.) Vertical scales: arterial pressure 
in mm Hg. Horizontal scale: 10 sec time intervals. 


remarkably so, and on occasion approached the order of 20 mm Hg. Usually 
this period of purely uterine activity resulted in some small rise in the general 
level of arterial pressure. When parturition efforts involving strong skeletal 
muscle contractions succeeded the purely uterine activity, the average pressure 
usually rose by 30-35 mm Hg to just before the first birth, and oscillated 
thereafter with the following births, though showing a general tendency to 
fall as the uterus became more empty. In any particular birth cycle the 
maximum pressure was usually attained a little before the foetus presented. 
Precipitate births occurred with only very transient rises of about 10 mm Hg 
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in arterial pressure, more strenuous births with considerably greater ones. In 
connexion with the causation of the rises, one or two points need to be noted. 
First, a rise with the onset of a parturition effort could be followed by a fall 
while the effort was still being maintained. Secondly, in at least one instance 
an effort occurring just after the birth of a foetus was without effect on the 
arterial blood pressure. Thirdly, in one precipitate birth the pressure con- 
tinued to rise for a while after the foetus had been expelled. 


Fig. 4. Part of record of arterial blood pressure during oxytocin-induced parturition in anaes- 
thetized doe; one foetus born before this. 25, urine passed; 26, 27, sustained parturition 
efforts; 28, 2nd foetus, placenta and membranes born, foetus outside membranes, breathes; 
29, four rapid parturition efforts, ‘show’ ; 30, parturition effort; 31, 3rd foetus two-thirds out; 
32, 3rd foetus out; 33, ‘show’, parturition effort; 34, 4th foetus, placenta and membranes 
born, foetus being outside membranes, 3rd and 4th foetuses breathing; 35, placenta and 
membranes of 3rd foetus out; 36, ‘show’; 37, 38, parturition efforts; 39, precipitate birth 
5th foetus without placenta and membranes, breathes; 40, blood and watery fluid passed; 
41, 6th foetus half-out; 42, 6th foetus born, without placenta and membranes, breathes; 
43, ‘show’, birth of placentae and membranes of 5th and 6th foetuses; 44, 45, 46, parturition 
efforts; 47, precipitate birth of 7th foetus without placenta and membranes, breathes; 
48, ‘show’; 49, parturition effort, ‘show’, placenta and membranes of 7th foetus out. 
Vertical scales: arterial pressure in mm Hg. Time-scale as for Fig. 3. 


The degree to which the average pressure dropped between the births of 
successive foetuses varied from subject to subject, but in general the pressure 
was somewhat higher at the end of parturition than it had been before the 
onset of efforts (Fig. 4 is of an exceptional case), and it remained raised during 
the subsequent hour or so, which was the extent of our recording. During this 
time, according to laparotomy findings, the greatly enlarged uterine cornua 
contracted and retracted with the results that they were about 10 cm instead 
of 30 em or more long, and were also markedly narrower, usually with one side 
smooth and the other puckered. The unpaired part of the uterus, on the other 
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hand, was still long and relatively wide, and its puerperal reduction in both 
dimensions was apparently destined to take a much greater time. 

On the whole, there was no more marked difference between the arterial 
blood pressure changes in the spontaneous births series and those in the 
oxytocin-induced births series than there was between individual records in 
either series, though it is easy to pick out a record from one series which is 
markedly different in appearance from a selected record in the other series. 
- The average time between successive births was c. 2-5 min in our experiments, 
taken together, but there was considerable variation both in the individual 
subjects, and also between subjects. ~ 


DISCUSSION 

With regard to the arterial blood pressure changes during parturition, the 
only literature which we have found has been in respect of human birth, the 
references going back to Spiegelberg (1882) and including, more recently, 
Donaldson (1913), Radcliffe (1944), Kellar (1950), Hamilton (1950), Emmrich 
(1950), and Brown (1951). Rises in arterial pressure develop with the 
occurrence of pains in the first stage of labour, and in the absence of 
extraneous body movements Hamilton found them to be associated with rises 
of 5 cm saline in the right atrial pressure, as opposed to rises of 14 cm which 
occurred with the onset of skeletal muscle contractions in the second stage. 

As the doe rabbit’s genital tract contains just before parturition 5 times as 
much blood as it does in its non-pregnant state (Barcroft & Rothschild, 1932), 
and as the uterus at term is so vast, it is probable that the rises in arterial 
pressure which we noted in association with uterine contractions alone were 
wholly or in large part due to increased venous return from the uterus. This 
explanation would fit in with the time-lag which we observed, and with certain 
other evidence (Franklin, 1935; Franklin, 1937; Ferguson, 1941) about the 
effects of contractions of the organ in question upon the blood pressure. The 
arterial pressure rises associated with parturition efforts of skeletal muscles 
are being subjected to further analysis. 

The other matter which needs some discussion is whether induction of 
parturition by oxytocin in dilatory does was a legitimate procedure in the 
present work. According to some authors (Dott, 1923; Allan & Wiles, 1932; 
Smith, 1932), dogs, cats, and rats can give birth though the posterior hypo- 
physis has been removed. It is not, however, certain that the whole of this 
portion of. the gland was removed in the experiments described, or that 
parturition occurred in perfectly normal fashion. On the other side, there are 
the too little-known experiments of Haterius & Ferguson (1938) and of Ferguson 
(1941), and the work of Harris, which he himself summarized in 1948. The 
first-mentioned showed that electrical stimulation of the pituitary stalk in 
puerperal rabbits and cats led to liberation of oxytocic hormone in quantities 
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assessable as equal to 0-5 i.u., and that liberation could also be reflexly evoked 
by dilatation of the uterine cornua and, to an even greater extent, by dilatation 
of the cervix. Harris showed that remote control stimulation of the supra- 
optico-hypophyseal tract in unanaesthetized rabbits produced a marked 
increase in uterine activity, which could be closely duplicated through intra- 
venous injection, in oestrogenized subjects, of 0-2-0-5 i.u. of posterior lobe 
extracts, especially ones relatively low in pressor activity. He also found that 
the substance secreted by the rabbit’s pituitary was richer in oxytocic, 
relative to pressor, activity than various standard extracts of the whole 
posterior pituitary. Our own impression, from a number of experiments in 
which uterine contractions occurred but did not lead to parturition, is that 
injection of oxytocin in the amount already noted under ‘Methods’ provided 


the missing physiological factor, so leading to births of healthy offspring. 


SUMMARY 


1. The anatomy of the birth canal in the rabbit is depicted and described, 
and function related in certain aspects to structure. 

2. The normal stance of the doe during parturition is depicted, its com- 
ponents detailed, and its purposive character noted. 

3. Arterial blood pressure changes occurring before, during, and after 
spontaneous or oxytocin-induced parturition in anaesthetized does are 
described, and portions of tracings reproduced. | 


We wish to express our indebtedness to Dr D. A. McDonald, who has made a 16 mm Kodachrome 
film-record of certain of our experiments, and has thereby produced a very desirable moving 
counterpart to our more static records. In the course of the experiments we have been greatly 
assisted by Miss M. E. Morse, and to her also we tender our thanks. Finally, we acknowledge the 
considerable help afforded us, in various ways, by our animal technician, Mr W. H. Woodcock. 
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CHANGES IN THE COLLAGEN CONTENT OF THE THYROID 
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A number of previous investigations have been made on the relation of growth 
of cellular tissue to growth of intercellular supporting tissue as judged by 
chemical estimation of collagen. In nerve and regenerating liver (Abercrombie 
& Johnson, 1946, 1947; Harkness, 1952; Harkness & Harkness, 1953a) the 
process of collagen formation is slow compared with the other changes in the 
tissue, whereas in the pregnant uterus (Harkness & Harkness, 19535) it is 
relatively rapid and follows a course similar to the change in total weight. It 
seemed of interest to extend these observations to other tissues, and we have 
accordingly investigated the change in the collagen content of the thyroid 
gland of the rat treated with thiouracil. Collagen formation was found to be 
variable but generally slower than increase in the weight of the thyroid. A con- 
siderable amount of the collagen formed under the influence of thiouracil 
| treatment disappeared when the treatment was discontinued. 


METHODS 


The animals used were adult male albinos of the local strain. They were kept at a temperature of 
approximately 21° C in cages of six. They were given at all times free access to water and food, 
M.RB.C, diet no. 31 (Parkes, 1946). Thiouracil (0-05%, w/v) was given in the drinking water. 

For the removal of the thyroid the animals were anaesthetized with ether. In some cases the 
whole thyroid was used for collagen estimation, in others only half, the other half being used for 
a histological investigation the results of which will be published separately. Collagen was esti- 
mated by the method of Neuman & Logan (1950). Tyrosine was estimated on some samples by 
the method of Medes (1932) and found to be present in such small amounts as to require negligible 
correction of the hydroxyproline values, No such correction has been made. 


RESULTS 


Two main experiments were done. In the first, rats were killed 3, 6, 12, 24 and 
50 days after the commencement of thiouracil treatment. Two separate groups 


of rats were used (A and B, Table 1). Treatment was started at ne aga 
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so that all rats in a given experiment (A or B) were killed on the same day. 
The results are given in Table 1 and Fig. 1. Thiouracil treatment for 24 days 
increased the weight of the thyroid to about 4 times the control value in both 


Tas.ez 1. Effect of thiouracil on weight and collagen content of the thyroid 
Duration of thiouracil treatment (days) 


Control 
rate 3 6 12 24 50 
Expt. A 
Body weight ot 269 + 19 2624.9 2434.12 25048 26849 
death (g 
Wet weight of 165414 198421 31-9440 402469 67-3485 ae 
yroid ( 


Total collagen of 0-35040-030 0-338+0-030 047540012 0-41040-053 0-526 4.0-031 
thyroid (mg) 


Expt. B 
Body at 312428 2944 30 324+ 16 334 + 24 340 + 37 264 + 10 


death (g) 
Wet weight of 18-04 2-5 21-74+1-2 29-3433 49-6440 63-94 7-2 58-4445 
of 0-36040-068 0-45940-070 0-49340-095 0-77840-032 0-992+0-069 0-886+0-075 


thyroid (mg) 


The estimate of variation is the standard error of the mean, There were four rats in each group for each 
experiment (A and B), except for the 12-day group of Expt. A which contained three rats. 


L i j l 
3 6 12 24 50 
Duration of treatment with thiouracil (days) 


Fig. 1. Collagen content and weight of the thyroid gland after varying duration of treat- 
ment with thiouracil. The letters A and B refer to the separate experiments of Table 1. 


groups A and B. The effect on the collagen content of the thyroid was more 
variable than was the increase in total weight of the gland, but in both groups 
there was a significant increase in collagen by the end of the experiment, 
though less increase than in gland weight. In both groups the weight of the 
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gland was first significantly above the control value at 6 days (t test, P< 0-05, 
Fisher, 1946). The collagen content of the gland was not significantly above 
the control value till the 24th day in group A, and the 12th day in group B. 

In the second main experiment rats were treated for 30 days with thiouracil. 
A sample of the treated rats was then killed and the treatment of the remainder 
stopped. Half of this remainder was killed 7 days, and half 30 days after the 
end of the treatment. Two groups of control untreated rats were used, one 
killed at 30 days and the other at the end of the experimental period. The 
results are given in Table 2. Increases in weight and collagen content of the 


TaBLE 2. Reabsorption of collagen from the thyroid after cessation of thiouracil 


treatment 
Days from start of experiment 
Control, Control, r A — 
30-day 60-day 30 37 60 
286+ 8 331411 248+ 11 26448 326+7 
g 
Wet weight of 15-241-5 156-1406 44-8+2°8 28-147-9 28-2+1-8 
thyroid (mg) 


otal collagen of 0-4824.0-026 0872+0-062 0-782+40-090 0-64040-060 0-552+0-060 
thyroid (mg) 


Thiouracil treatment was stopped 30 days from the start of the experiment. The estimate of 
variation is the standard error of the mean. There were eight rats in each group of control and 
experimental animals. 


thyroid were similar to those found in the first experiment. When the 
thiouracil treatment was stopped the weight of the thyroid fell and the new 
collagen disappeared. The disappearance seems to have been rapid at first, but 
subsequently, between the 37th and 60th day, slower. It appears to have been 
incomplete, though in fact the 60th day figure is not significantly above either 
of the control values (P > 0-05, ¢ test loc. cit.). We can offer no explanation for 
the anomalously high 30-day control value (cf. Table 1). 


DISCUSSION 


It is generally agreed that the action of thiouracil on the thyroid gland is both 
direct and indirect. A direct inhibition of thyroxine production results in an 
increase in output of thyrotropic hormone by the anterior lobe of the pituitary 
gland, which in turn causes the thyroid gland to increase in size. We may 
consider that the changes which we have investigated are mainly the result 
of the action of thyrotropic hormone on the thyroid. 

We have observed an increase in the total quantity of collagen present in 
the thyroid glands of animals treated with thiouracil. The increase, however, 
differed considerably in degree in different experiments. By contrast the effect 
of thiouracil on the increase in weight of the gland varied less. So long as we 
have no information to enable us to break down this added weight into indivi- 
dual components, there is an element of uncertainty in its use as an index of 
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growth. With this proviso we may say that it appears that the growth of 
collagen in the thyroid was generally slower than that of the tissue as a whole, 
and in this respect the changes resemble those found in the liver after partial 
hepatectomy, rather than those in the uterus during pregnancy (Harkness, 
1952; Harkness & Harkness, 1953a, 

However, of more interest than the relation of increase in collagen and weight 
is the disappearance of collagen which takes place after the cessation of 
treatment with thiouracil. 

Disappearance of autologous collagen has been shown to take place from 
rat liver after withdrawal from the diet of carbon tetrachloride used to produce 
the cirrhosis (Morrione, 1949). It has also been recorded in atrophic limbs — 
(Slack, 1953), and in the puerperal rat uterus (Harkness & Harkness, 1953). 
Such disappearance could represent a shift in dynamic equilibrium as does the 
disappearance of protein from the liver in fasting for example. If a substance 
is in such an equilibrium the quantity present can be reduced either by an 
increase in the rate of breakdown or by a reduction in the rate of synthesis. 
The latter mechanism would be the simpler and the easier to accept; and, if 
synthesis ceased, one would expect the substance concerned to disappear at 
a rate proportional to the turnover rate as measured by isotopic studies. 
However the turnover rate of collagen has been found to be very low in those 
tissues of the rat in which it has been investigated, viz. tendon, skin, liver, 
and bone (Neuberger, Perrone & Slack, 1951; Neuberger & Slack, 1953). Also, 
owing to the slowness of the observed turnover of liver collagen, a cessation of 
synthesis cannot readily account for the disappearance of collagen from the 
liver found by Morrione (1949); turnover rates similar to those in the above 
tissues would also be too low to account for the disappearance of collagen from 
uterus and thyroid. However, as both these latter tissues undergo consider- 
ably greater changes in size and structure in the course of normal life than do 
the tissues on which isotopic studies have been made, it would not be un- 
expected to find a more rapid rate of turnover of collagen in them; neverthe- 
less, it seems unlikely that it would be rapid enough to account for the observed 
disappearance of collagen. It seems more likely that the removal of collagen 
is an active process and probably integrated with other vital processes. The 
low turnover rates observed in isotopic studies show that native collagen is 
not in itself chemically unstable in the body. Yet collagen from extraneous 
sources disappears fairly rapidly if introduced into the tissues of the body. 
The stability of collagen in tendon, etc., is thus not due to any inherent 
difficulty in removing it. It would appear that it must normally be stabilized 
in some way by the surrounding cells as might be done for example by the 
secretion of material preventing access of proteolytic enzymes to the fibres. 
Thus native collagen is more resistant to trypsin than collagen which has 
undergone treatment which might be expected to allow freer access to the 
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enzyme (Sizer, 1949). Similarly, collagen of tendon which has been treated 
with hyaluronidase to remove polysaccharide material becomes soluble to 
a greater extent in dilute acids (Jackson, 1953). 


SUMMARY 


1. The effect of oral administration of thiouracil for various times up to 


50 days on the collagen content (estimated chemically) of the rat’s thyroid 
gland has been investigated. 


2. During treatment with thiouracil both the weight and collagen content 
of the thyroid gland increased, the former more than the latter. 

3. After cessation of treatment with thiouracil collagen was reabsorbed, 
both the weight and collagen content of the gland decreasing. 


We should like to express our thanks to the Nuffield Foundation whose financial assistance 
made this work possible, and to Shirley M. Fitch and Winifred Stidworthy for technical assistance- 
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Recent experiments by several groups of workers (Tobias, Lipton & Lepinat 
1946; Richter & Crossland, 1949; Elliott, Swank & Henderson, 1950; Wajda, 
1951) have suggested that the amount of acetylcholine in the brain increases 
during anaesthesia. There is, however, little agreement as to the extent of this 
change and no comparison has hitherto been made of the effects of a range of 
anaesthetic agents on a single mammalian species or of a single anaesthetic on 
different species. Nor is it known in what proportions this increased acetyl- 
choline concentration is shared by different parts of the brain. Since it seemed 
possible that information on these points might bear on the hypothesis that 
the onset of anaesthesia is causally related to the inhibition of acetylcholine 
synthesis by the brain, the experiments to be discussed in this paper were 
undertaken. A preliminary account of the main results of this investigation 
has already been published (Crossland, 1953). 


METHODS 


Rats and mice. Normal and anaesthetized mice, young rats (25-30 g in weight) and anaesthetized 
adult rats were killed by being dropped directly into liquid air. This method was impracticable 
with unanaesthetized adult rats. In the earlier experiments they were therefore first given an 
intraperitoneal injection of mephenesin (Myanesin B.D.H., «$-dihydroxy-y-(2 methylphenoxy) 
propane) at a dose-level of 100 mg/k and dropped into the liquid air as soon as paralysis had 
developed sufficiently to prevent struggling severe enough to delay their complete and rapid 
submersion. In the later experiments, the adult unanaesthetized rats were placed in a cylindrical 
container made of perforated aluminium, left undisturbed until they became normally quiet, and 
the whole container with the rat inside was then plunged into a large vessel of liquid air. 

Non-volatile anaesthetics (pentobarbitone sodium, thiopentone, Dial (Ciba)—diallylbarbituric 
acid with urethane—and chloralose) were given by injection into the peritoneal cavity or into 
_ & dorsal tail-vein in doses sufficient to cause deep anaesthesia, as evidenced by the loss of all 

somatic reflexes. The actual doses required to bring about this state varied from animal to animal 
but, for young rats and administration by the intraperitoneal route, they were of the order of 
50 mg/k for pentobarbitone sodium, 60 mg/k for thiopentone, 0-6 ml./k for Dial (corresponding to 
70 mg/k of diallylbarbituric acid and 280 mg/k of urethane) and 90 mg/k for chloralose. After 
injection the animals were placed in a closed chamber through which circulated oxygen with 
5% carbon dioxide, or they were given this mixture from an anaesthetic rebreathing bag via 
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a tracheal cannula or a large funnel surrounding the head. The volatile anaesthetics were vaporized 


in a stream of oxygen and 5% carbon dioxide and fed to the animals by similar means. In some 


experiments respiration was assisted mechanically; in all, the body temperature (recorded by 
a rectal thermometer) was maintained within normal limits. 

Where only light anaesthesia was required the anaesthetic dose was reduced to that level which 
caused abolition of voluntary righting ability with retention of other somatic reflexes. 

In some of the experiments with rats, the frozen brains were separated into four portions 
corresponding to the medulla and pons, the cerebellum, the upper brain-stem and the cerebral 
hemispheres respectively. Because of the difficulty of accurately delineating these several regions 
in frozen brain a series of unfrozen brains was dissected and the relative weights of these four 
parts determined. Comparison of these values with those obtained from each frozen brain served 
as a partial check on the accuracy with which the latter had been divided. 

Rabbits. The whole of the superior surface of the cerebral and cerebellar hemispheres of rabbits 
were exposed by a wide craniotomy performed under light ether anaesthesia after infiltration of 
the overlying skin with Novutox (Pharmaceutical Mfg. Co., 2% procaine hydrochloride with 
adrenaline, | in 50,000). The dura was left intact and blood loss was minimized by generous use 
of thrombin solution. After removal of the calvarium the skin flaps were stitched together over 
a gauze pad saturated with ethocaine hydrochloride in 0-9% saline solution at 37° C. A tracheal 
cannula was also inserted under light ether and local anaesthesia. 

When the rabbits had recovered from the effects of the general anaesthesia, the scalp sutures 
were removed, the skin flaps were secured in a vertical position and surrounded by large wads of 
cotton-wool. Mephenesin was injected into a marginal ear vein at the rate of 100 mg/k/min, 
artificial respiration with oxygen containing 5% carbon dioxide was instituted and liquid air was 
poured copiously into the cavity formed by the brain with its surrounding skin flaps and cotton- 
wool. When the head was completely frozen the rabbit was decapitated and the head split sagitally 
to allow a complete removal of the solid brain. Earlier experiments with large rate had shown 
that mephenesin had itself no effect on the acetylcholine content of brain provided that anoxia 
was prevented by artificial respiration. 

Litter-mates of animals treated in this way were subjected to a similar experimental procedure 
except that, after recovery from the general anaesthetic, they were re-anaesthetized with either 
ethyl chloride or Dial, and deep anaesthesia was allowed to persist for up to | hr before freezing 
the brain. In these experiments mephenesin was not injected before applying the liquid air. 

In preliminary experiments the elect phalog of normal, unoperated rabbits were 
recorded from needle electrodes embedded in the skull under local anaesthesia. The animals were 
then widely craniotomized, leaving intact a bridge of bone holding the electrodes. Provided that 
the operation had been carried out without excessive loss of blood and that during the recovery 
period the brain temperature had been maintained, the electr phalographic records after 
craniotomy and complete recovery from the general anaesthesia were indistinguishable from 
those of the same animals before operation. It seemed reasonable to conclude, therefore, that the 
acetylcholine content of the brains of the craniotomized animals was likely to have been similarly 


processes. 

Other preliminary experiments showed that during the process of freezing the circulation to 
each part of the brain was maintained until each became frozen solid. The possibility of the 
occurrence of rapid post-mortem changes in the tissue would thus appear to be minimized. 

Acetylcholine was extracted from the frozen brain tissue by trichloroacetic acid, as previously 
described (Crossland, 1951) and was assayed on the isolated frog rectus muscle sensitized with 
neostigmine (neostigmine bromide, 1 in 250,000). The method of Feldberg (1945) was used to 
eliminate the effect of sensitizing substances in the brain extracts. It was usually impossible, 
however, to apply this method strictly to assays of cerebellar extracts because of the small amounts 
of tissue available and their very low acetylcholine content. When assaying these extracts, 
therefore, an appropriate volume of control solution left over from the assay of one of the other 
regions of the brain was used. The results of such assays did not differ from those in which control 
solutions made up from the cerebellar extracts themselves were used. 
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RESULTS 
Effect of anaesthesia on the rectus-sensitizing power of brain extracts 
Tissue extracts are known to exert a sensitizing effect on the frog-rectus 
muscle, so that unduly high values for the acetylcholine content of such 
extracts are found if their sensitizing properties are not taken into consideration. 

The concentration of sensitizing substances in extracts of brain previously 
frozen in liquid air is much higher than in extracts of unfrozen brain. Thus, 
aqueous trichloroacetic acid extracts of the brains of a group of five normal 
rats, frozen in liquid air, exerted a sensitizing effect of 73°% (range 46-100 %) 
on the fully neostigminized rectus muscle, i.e. the acetylcholine assay rose by 
this fraction when the extracts were re-assayed against known amounts of 
acetylcholine made up in a control-free solution. Similar extracts from the 
brains of rats which were killed in liquid air whole deeply anaesthetized with 
pentobarbitone sodium had a mean sensitizing effect of 167% (range 100- 
234%). Removal of excess trichloroacetic acid by repeated shaking with 
small quantities of ether reduced, but did not abolish this difference between 
the extracts of normal and anaesthetized brains, the extracts of which now 
exerted sensitizing effects of 35% (25-45%) and 58 % (50-66%) respectively. 
By comparison, the mean sensitizing effect of brain extracts from seven 
anaesthetized animals, killed by decapitation without freezing was 69°, (40- 
100%) before and 63% (57-70%) after removal of trichloroacetic acid. 
Anaesthesia thus, apparently, increases the concentration of sensitizing sub- 
stances in brain, and it seems that one or more of these compounds is acid- 
soluble and sufficiently labile to be almost, if not entirely, absent in brain 
extracts from animals killed by decapitation. The chemical nature of these 
sensitizing substances has not yet been determined. 

Because of the powerful sensitizing effect of brain extracts derived from 
animals killed in liquid air, it seemed desirable to exclude the possibility that 
the preparation of the control solution (which involved boiling some of the 
extract at an alkaline pH) might have led to a loss of sensitizing substances 
and hence to an inaccurate assay. After assaying a series of brain extracts in 
the usual way, known amounts of acetylcholine were added and the extracts 
were then re-assayed. In no experiment did the assay increase by an amount 
greater than that corresponding to the added acetylcholine. It must, however, 
be emphasized that the rectus muscles used throughout this investigation were 
very sensitive, even before the addition of neostigmine, which itself further 
sensitizes the muscle more completely than does the more commonly used 
physostigmine (Hobbiger, 1950). It is possible that, under these circumstances, 
any loss of sensitizing power suffered by the brain extracts on alkali-treatment 
cannot affect the muscle sufficiently to cause inaccuracies in the assay which 
might appear under less favourable conditions. 
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Effect of anaesthesia on the acetylcholine content of whole brain 

Apart from a small decrease during the period of excitement, no change was 
detected, with any of the seven anaesthetic agents studied, in the acetyl- 
choline content of the whole brain of young rats (aged 21-25 days) killed at 
different stages in the development of anaesthesia. Thus, in one experiment, 
the brains of a group of seven normal rats were found to contain 1-50 +s.z. 
0-18ug acetylcholine/g. A second group of animals, taken from the same 
litters, was killed during the stage of excitement (each animal was given 
a different anaesthetic from the list in Table 1) and contained 1-32 + 8.x. 0-16 ug 
acetylcholine/g of brain, while a third group, similarly chosen and treated, 
had a brain content, at the time when anaesthesia had just developed suf- 
ficiently to prevent voluntary movements, of 1-52 + s.z. 0-18 ug acetylcholine/g. 

As anaesthesia progressed, however, the amount of acetylcholine in the 
brain increased to reach, within about 5 min Of its onset, a new stable level. 
Prolongation of anaesthesia, at any given depth, for periods of up to 2 hr, 
caused no further increase in the acetylcholine concentration, though such an 
increase could be brought about by deepening the anaesthesia. 


Tas Le 1. Increase in brain acetylcholine during deep anaesthesia in young rats (25-30 g weight) 

Each anaesthetized animal was paired with an unanaesthetized litter-mate; the figures show the 
mean fractional increase in the acetylcholine content and the standard error of the mean, for the 
number of pairs indicated in brackets. 


Chloroform 1614010 (7) Dial 1-58+40-09 (8) 
Ether 1-62-+.0-08 (13) Pentobarbitone sodium 1-47 40-08 (7) 
Ethyl chloride 1-50+0-08 (5) Thiopentone 1-5940-13 (7) 
Chlioralose 1-54 (10) 


Tasie 2. The effect of light and deep anaesthesia on the acetylcholine 
content of the brains of young and adult rats 


Each figure represents the mean, and the standard error of the mean, of assays from the brains 
of six animals. 


Young Adult 
Pentobarbitone Pentobarbitone 
Ether sodium Ether sodium 
(ug/g) (ug/g) (ug/g) 
Normal 1-97+0-04 1-93+40-03 2-68 +.0-02 2-68 + 0-06 
Light anaesthesia 2-864.0-15 2-5440-17 2-70 +0-24 2-67+0-16 
Deep anaesthesia 3-5140-11 3-04+0-02 3-20+0-10 3-47 +.0-30 


Table 1 shows the fractional change in the acetylcholine content of the whole 
brain of young rats during deep anaesthesiaxinduced by seven different agents. 
With each anaesthetic used the period of anaesthesia was varied between 
10 min and 2 hr. It is clear from the table that all seven anaesthetics studied 
have a very similar quantitative effect on the brain acetylcholine of the young 
rat, 

Table 2 shows that the response of rat brain acetylcholine to ether and 
pentobarbitone sodium depends on the age of the animal, the effect being 
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smaller in the adult animal. This difference is referable entirely to the fact 
that the acetylcholine content of the brain of the unanaesthetized adult is 
higher than that of the young animal, for there is no significant difference 
between the corresponding figures for the deeply anaesthetized animals. 

It will be seen that the amount of acetylcholine in the brains of the unanaesthetized animals, 
as well as the relative increase it undergoes during anaesthesia, is higher in the animals of Table 2 
than in those referred to in Table 1 and in the earlier sections of this paper, though the figures 
for each group of animals are internally consistent. This difference (which was found only in young 
animals) arose because of a change in the strain of animals used in the later experiments, and may 
help to explain the discrepancies in the values reported by different workers for the acetylcholine 
content of the brain of any given species. 

With mice and rabbits, as with rats, the experimental results indicated that 
the increase in the amount of acetylcholine in the brain during deep anaesthesia 
is independent of the anaesthetic used. Thus, for mice, the fractional increase in 
the brain acetylcholine content following anaesthetization with ethyl chloride 
was 1-88+0-03 (6). When Dial was used a mean increase of 1-82 + 0-22 (5) 
was recorded. The corresponding figures for rabbits were 1-70 + 0-26 (6) 
and 1-60+0-21 (6) respectively. The actual brain acetylcholine content of 
the unanaesthetized animals used in these experiments was found to be 
2-3 + 0-22 (6) for mice and 2-5 + 0-35 (6) for rabbits. 


TaB_zE 3. Distribution of acetylcholine in different parts of the brain of young rats 
(25-30 g) during ether and pentobarbitone sodium anaesthesia 


Each figure represents the means and standard errors of the means of four observations, each of 
which was made on the pooled brains of two rats. 


Cerebral Upper Medulla 
hemispheres brain stem Cerebellum and pons 
(ug/g) (pele) (ug/g) (ug/g) 
Ether anaesthesia 
Normal 1-9+0-03 3-0+ 0-03 0-35 + 0-03 2-50-38 
Light anaesthesia 3-1+0-20 3-5+0-07 0-52 + 0-02 3-140-25 
Deep anaesthesia 3-7+0-23 4140-13 0-72+0-21 3-6+0-30 
Pentobarbitone sodium anaesthesia 
Normal 1840-08 2940-07 0-3540-02 2640-41 
Light anaesthesia 2-64. 0-28 3440-12 0-44+0-01 3-040-56 
Deep anaesthesia 3-0+0-22 4-1+0-20 0-72+0-05 3-4+0-50 
Distribution of acetylcholine in different parts of the brain 
of normal and anaesthetized rats 


Tables 3 and 4 show the distribution of acetylcholine between four large 
subdivisions of the brains of young and adult rats respectively, and the effect 
of light and deep anaesthesia on the acetylcholine content of these four areas. 
For the experiments on young animals, groups of six male litter mates were 
used. One pair was killed, in liquid air, while unanaesthetized; another pair 
was killed after up to 1 hr light ether anaesthesia, and the third after a similar 
period of deep ether anaesthesia. Similar groups of six animals were used to 
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study the effect of pentobarbitone sodium anaesthesia. Adult animals were 
taken in groups of ten, one pair of unanaesthetized rats giving the values for 
comparison both with those pairs anaesthetized with pentobarbitone sodium 
and those anaesthetized with ether. The parts of the brain from both members 
of each pair were pooled for assay. 


TaBLE 4. Distribution of acetylcholine in different parts of the brain of adult rats (between 200 
and 250 g weight) during ether and pentobarbitone sodium anaesthesia 


Each figure represents the means and standard errors of the means of four observations, each 
of which was made on the pooled brains of two rats. 


Cerebral Upper Medulla 
; hemispheres brain stem Cerebellum . and pons 
(mg/g) (mg/g) 
Ether anaesthesia 
Normal 2-8+0-25 3-6+0-17 0-44+0-07 19 +0-20 
Light anaesthesia 3-2+0-57 3-8+0-28 0-42 + 0-02 2-9 +025 
Deep anaesthesia 3-8+ 0-26 4-4+0-09 0-63 + 0-09 3-1 +0-24 
Pentobarbitone sodium anaesthesia 

Normal 2-8 +.0-25 3640-17 0-44+.0-07 1-9 +0-20 
Light anaesthesia 2-8+0-30 3-4+0-16 0-44+0-07 26 +0-14 
Deep anaesthesia 4-0+40-24 4-14+0-20 0-60 + 0-09 2-40+0-10 


Normal distribution. In both young and adult brain, the acetylcholine 
concentration is lowest in the cerebellum and highest in the upper brain stem. 
While growth is associated with an overall increase in the total amount of 
acetylcholine extractable from brain tissue (Crossland, 1951), not all parts of 
the brain contribute equally to this increase. Thus, while the acetylcholine 
content of the cerebral hemispheres is some 60° higher in the adult than in 
the young animal, the upper brain stem and the cerebellum show only a 25% 
increase while the amount in the medulla decreases by 40 % in the adult animal. 
These changes are qualitatively similar to those which occur in the in vitro 
consumption of oxygen by rat brain tissue. While it is true that oxygen 
utilization by all areas of the brain tends to fall, in the adult, below the maxi- 
mum reached in the 35-day-old animal, the oxygen consumption of the cerebral 
hemispheres is nevertheless markedly higher, and that of the brain stem no 
lower, in the adult than in the 21-day-old animal. Oxygen consumption by 
the medulla, on the other hand, reaches a peak at about 21 days and falls 
| fairly sharply thereafter, to reach a much lower level in the adult animal (Tyler 
& van Harreveld, 1942). 

Distribution of acetylcholine during anaesthesia. Reference to Table 3 shows 
that all parts of the young brain underwent an increase in their acetylcholine 
content during light and deep anaesthesia and that the pattern of this change 
was the same whether the anaesthetic used was ether or pentobarbitone 
sodium: a marked increase in the cerebrum and medulla during light anaes- 
thesia was succeeded by a smaller rise as anaesthesia deepened; in the upper 
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brain stem, on the other hand, the most noticeable rise occurred as a result of 
the transition from light to deep anaesthesia. The fact that pentobarbitone 
sodium has a smaller effect on the acetylcholine in the cerebral hemispheres 
than has ether is reflected in the figures for the acetylcholine content of the 
whole brain of young rats (Table 2). It seems possible that this effect may be 
due to the difficulty of avoiding some degree of anoxia during pentobarbitone 
sodium anaesthesia in the young animal, for it is not found with adult rats 
(Table 4). Further, in two additional experiments on anaesthetized young 
animals, where no special attempts were made to ensure an adequate oxygen 
supply and when it was clear on inspecting the frozen brains that they had 
indeed suffered some degree of anoxia, the amount of acetylcholine present in 
the cerebral hemisphere was only 2-3 and 2-8 ug/g respectively. 

Light anaesthesia in adult rats caused but slight changes in the acetylcholine 
content of the various parts of the brain, except in the medulla in which the 
amount of acetylcholine increased even more than in young rats. In deep 
anaesthesia, the changes were more in evidence and were qualitatively similar 
to those occurring in the young animals. It will be seen that during deep ether 
anaesthesia the amount of acetylcholine present in the various parts of the 
brain of the adult rat was almost identical with that in corresponding areas 
in the young animal. With pentobarbitone sodium anaesthesia, the corre- 
spondence between similar regions of the young and adult brain is not so close. 
In the young animals, the acetylcholine content of the cerebral hemispheres 
during pentobarbitone sodium anaesthesia was lower than that ry, adult 
animals. On the other hand, the medulla and pons of the young animals 
showed with this anaesthetic a greater increase in their acetylcholine content 
than did the same region in the adult animal. It has already been suggested 
that the smaller acetylcholine content of the cerebral hemispheres of the 
young rat during pentobarbitone sodium anaesthesia was due to anoxia, and 
the same explanation might apply to the similar condition in the medulla and 


pons of the adult. Welsh & Hyde (1944) have suggested that the acetylcholine ~ 


content of different areas of the brain is correlated with their resistance to 
anoxia; the results of the present experiments would seem to suggest that the 
cerebral hemispheres of the young rat and the medulla and pons of the adult, 
which have a relatively low resting oxygen consumption and a relatively low 
acetylcholine content, tend to accumulate less acetylcholine during deep pento- 
barbitone sodium anaesthesia than they do during deep ether anaesthesia, 
when respiration is less depressed. As Tables 3 and 4 show, the cerebral 
hemispheres of the adult rat and the medulla and pons of the young rat have, 
under deep pentobarbitone sodium anaesthesia, as high an acetylcholine con- 
tent as they have during ether anaesthesia. This would seem to indicate that 
there is no fundamental difference in the effects of the two anaesthetics on the 
acetylcholine metabolism of different areas of the brain. 
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DISCUSSION 
All the animals used in these experiments were killed in liquid air, and acetyl- 
choline was then extracted from the frozen brains by trichloroacetic acid. It 
has recently been objected (Elliott et al. 1950; Elliott & Henderson, 1951) that 
this method results in a serious loss of acetylcholine, and that a more com- 
plete extraction of brain acetylcholine is achieved by homogenization of un- 
frozen tissue in acidified Ringer solution. We have, however, been unable to 
confirm these findings and have shown not only that the loss of acetylcholine 
during the extraction of frozen brain is no greater than during homogenization 
of the unfrozen tissue, but also that a considerable loss of acetylcholine occurs 
during decapitation of the living animal. This loss is avoided in animals killed, 
before decapitation, in liquid air (Crossland & Merrick, 1953). It would seem, 
therefore, that the methods used in the present study should yield quanti- 
tatively acceptable results. 

The increase in the acetylcholine content of brain during anaesthesia is not 
likely to be due to inhibition of the true cholinesterase, or to an increased 
synthesis of acetylcholine, because the various narcotics used are neither 
potent anti-cholinesterases (Bernheim & Bernheim, 1936) nor do they aug- 
ment the synthesis of acetylcholine, at least not in in vitro experiments. 
A decreased liberation of acetylcholine from central cholinergic neurones, 
consequent on the depressed cerebral activity accompanying anaesthesia 
would appear to constitute the most reasonable explanation of the experi- 
mental observations and it is supported by the observations that the acetyl- 
choline concentration falls during conditions of increased cerebral activity 
(Richter & Crossland, 1949). A recent investigation by MacIntosh & Oborin 
(1953) has shown that the release of acetylcholine by the brain into an eserin- 
ized Ringer-Locke solution in contact with it is reduced during anaesthesia, 
a result which lends added support to this conclusion. 

The fact that, with both light and deep anaesthesia, the increase in acety]- 
choline concentration soon reaches a limiting value could arise in two ways: 
as the concentration rose the amount liberated per impulse at each nerve 
terminal might increase so that a stable level of brain acetylcholine would 
again be established. This same effect would arise if the brain became ‘satu- 
rated’ with acetylcholine and could hold no more in the inactive complex with 
which it is normally associated. The first explanation is probably valid in light 
anaesthesia, since the acetylcholine undergoes a further increase in concentra- 
tion as the anaesthesia is deepened, and there is evidence, for sympathetic 
ganglia at least, that the amount of acetylcholine liberated per impulse from 
the pre-synaptic terminal depends on the total amount available there (Rosen- 
blueth, Lissak & Lanari, 1939; Perry, 1953). With deep anaesthesia, on the 
other hand, it is possible that the limited capacity of nervous tissue to hold 
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acetylcholine is responsible for the early rise to a steady level. This would 
explain the almost constant effect of different anaesthetics on the brain 
acetylcholine of any particular species, as well as the fact that it has not yet 
been found possible, by any treatment, to increase the amount of acetylcholine 
extractable from brain tissue beyond that found in deep anaesthesia. 

None of the results presented in this paper is consistent with the view put 
forward, among others, by Harris (1951) that inhibition of acetylcholine syn- 
thesis is a factor determining the onset of anaesthesia. While a rise in acetyl- 
choline content is not itself necessarily inconsistent with a diminished rate of 
synthesis, any that does occur is clearly insufficient to cause the amount of 
acetylcholine to fall below that normally present in brain tissue. Nor is it 
true that the acetylcholine in brain during anaesthesia is present in some form 
less easily liberated by nervous activity, for the injection of a convulsant 
agent into an anaesthetized animal can cause spike activity in the electro- 
encephalogram and a rapid loss of acetylcholine (Crossland, 1953). 

It might be objected that the inhibition of acetylcholine synthesis occurs 
in limited areas only of the brain. There is, however, no evidence from the 
experiments in which the distribution of acetylcholine in anaesthesia was 
studied that this is so, though in vitro each of the regions into which the brain 
was subdivided shows that depression of oxidative metabolism by narcotics on 
which the acetylcholine-inhibition theory of anaesthesia is based (Himwich, 
Sykowski & Fazekas, 1941). 

In animals of the age and strain used in the present experiments, anaesthesia 
eliminates the differences between the acetylcholine content of the brains of 
young and adult rats. This effect is reflected in the values quoted both for the 
acetylcholine of whole brain and for that of the separate regions into which 
the brain was subdivided for the purposes of this investigation. In this 
connexion it should be noted that the medulla and pons is the only part of the 
adult rat brain whose acetylcholine content shows a greater increase during 
anaesthesia than does the corresponding region in the young animal; it is also 
the only part of the brain of the unanaesthetized adult animal which contains 
less acetylcholine than does that of the young animal in a similar state. 

This action of anaesthesia has not, however, been invariably found, for in 
an earlier investigation (Richter & Crossland, 1949) a mean acetylcholine 
content of only 1-76 ug/g of brain was recorded for young anaesthetized rats 
of a group which, when fully grown, had a brain acetylcholine content, in the 
unanaesthetized state, of 2-7 ug/g (Crossland, 1951). It seems possible that 
anaesthesia might give an indication of the maximum acetylcholine-carrying 
capacity of the brain at any age, and that this reaches its adult level at about 
the age of the young animals used in the present experiments. In animals 
below this age the amount: of acetylcholine in the brain during anaesthesia 
would not reach that characteristic of the adult animal. The strain difference 
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referred to above (p. 60) might be a reflexion of the difference in the age at 
which the animals reach biochemical maturity. 

Since the acetylcholine capacity of all areas of the brain of young animals 
of the age and strain used in the present experiments appears to be not inferior 
to that of the adult, the differences in brain acetylcholine content found in the 
absence of anaesthesia are presumably to be related in some way to the 
differing levels of cerebral metabolism in young and adult animals. 


SUMMARY 


1. The amount of acetylcholine which could be extracted from the brains 
of rabbits, mice and rats increased as a result of anaesthesia, no increase being 
observed during anaesthetic induction. 

2. The fractional increase in the acetylcholine concentration depended, 
within limits, on the depth of anaesthesia attained, but was independent of its 
duration. 

3. In young rats, the fractional increase was approximately constant for 
each of seven anaesthetic agents studied. Adult rats, mice and rabbits suffered 
a different fractional increase in their brain acetylcholine contents, though 
each anaesthetic studied (ethyl chloride and Dial) had the same quantitative 
effect in any one species. 

4. While the amount of acetylcholine in the brain of a normal adult was 
higher than in the young rat, this difference was not found in anaesthetized 
animals of the age used in this investigation. 

5. The distribution of acetylcholine among four divisions of the brains of 
normal and anaesthetized rats was studied. All areas of the brain participated, 
though unequally, in the rise in acetylcholine content; the pattern of this 
increase was the same for pentobarbitone sodium as for ether. 


The major part of the work described in this paper was carried out in Cardiff during the tenure 
by one of us (J.C.) of a Beit Memorial Research Fellowship. We are indebted to Dr D. Richter for 
his continued interest in the progress of this investigation, and to Messrs Roche Products, Ltd. 
for the gift of a generous supply of neostigmine bromide. 
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The sensitivity of the carotid and aortic chemoreceptors to changes in the 
chemical composition of the arterial blood supplying them is now well known 
(Heymans, Bouckaert & Dautrebande, 1930; Schmidt, 1932; Selladurai & 
Wright, 1932; and others). Recently, evidence has been accumulating that 
the rate of blood flow through the carotid body may be an important factor in 
determining the activity of its chemoreceptor cells. Most of this evidence is 
indirect and depends upon indications of altered chemoreceptor activity on 
raising or lowering the arterial or intrasinusal blood pressure. 

Schmidt (1932) found that occlusion of the common carotid arteries caused 
a small increase in respiration, and suggested that this effect probably arose 
from structures distinct from those concerned in circulatory reflexes. Euler & 
Liljestrand (1936, 1937) found that if the intrasinusal pressure were greatly 
diminished, stimulation of respiration occurred. They postulated that this was 
due, at least in part, to a reduction in the blood flow through the carotid body. 
Similar results were obtained by Winder, Bernthal & Weeks (1938). Later, 
Euler, Liljestrand & Zotterman (1939) observed that occlusion of the common 
carotid artery led to an increased chemoreceptor impulse activity in the carotid 
sinus nerve. These results have recently been substantiated by Landgren & 
Neil (19515), who found a massive increase in chemoreceptor impulse activity 
in the carotid sinus and aortic nerves when the blood pressure was lowered by 
bleeding. Further evidence of increased chemoreceptor activity during hypo- 
tension was obtained by Coleridge, Kenney & Neil (1949) and Kenney & Neil 
(1951), based on experiments involving selective inactivation of the aortic 
chemoreceptors and cold blocking of the vagus nerves. 

The reflex rise in arterial blood pressure produced by reduction of intra- 
sinusal pressure was found by Euler & Liljestrand (1943) to be less pronounced 
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when the animal breathed 100% oxygen, but to be increased during the 
administration of 7-4 ° oxygen. These workers therefore suggested that anoxic 
chemoreceptor stimulation, resulting from a diminution of carotid body blood 
supply, partly accounted for the reflex hypertension; these findings were con- 
firmed by Landgren & Neil (1951a). In experiments aimed at embolization of 
the carotid sinus region by injection of Lycopodium spores into the common 
carotid artery, Jarisch, Landgren, Neil & Zotterman (1952) found that there 
resulted an increase in respiration and blood pressure, together with an 
extremely heavy chemoreceptor discharge in the carotid sinus nerve. 

A rise in intrasinusal pressure sometimes causes a diminution in respiratory 
minute volume which is reflex in origin (Heymans & Bouckaert, 1930; Wright, 
1930). Euler & Liljestrand (1937) have suggested that this is due to an increase 
in carotid body blood flow resulting in a diminution in chemical stimulation. 
A similar explanation has been put forward by Gernandt, Liljestrand & 
Zotterman (1945) and Gernandt (1946) to account for the apnoea resulting 
from an intravenous injection of adrenaline. A similar mechanism might 
contribute to the apnoea resulting from an injection of a large dose of acety!- 
choline in atropinized preparations (Liljestrand, 1951). 

All these results strongly suggest. that circumstances which alter blood 
pressure and hence the blood flow through the chemoreceptors may influence 
their activity. Thus, a lowering of the intrasinusal pressure would presumably 
diminish the carotid body blood flow thereby producing an asphyxial condition 
in the chemoreceptors. 

If this explanation is correct, then it is necessary to postulate that, in the 
presence of a lowered carotid body blood flow, the metabolism of the chemo- 
receptors is great enough to lower the pO, and/or to raise the pCO, sufficiently 
to enable these structures to cause their own stimulation. 

Since we were unaware of any attempt to resolve these questions by 
obtaining measurements of carotid body flow and metabolism, we undertook 
the study to be described. Among the objects of this investigation were 
measurement of the normal rate of blood flow and oxygen consumption of the 
carotid body, and determination of some of the conditions which might alter 
its blood flow. The technique employed for determination of carotid body 
blood flow, while maintaining its natural arterial blood supply intact, was 
based upon the anatomical studies of the carotid body vasculature by 
Chungcharoen, Daly & Schweitzer (1952a). 

Some of our results have been reported in brief form elsewhere (Daly, 
Lambertsen & Schweitzer, 1952, 1953). 


METHODS 
Two separate, but related, series of experiments were carried out: in the first, measurements of 
carotid body blood flow and of arteriovenous oxygen content differences were made, and in the 
second, the effects of induced hypotension upon arterial blood gas tensions were determined. 
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Carotid body blood flow and metabolism 

Cats, varying in weight from 1:3 to 4-9 kg, were anaesthetized with pentobarbitone sodium 
(Nembutal) (40-45 mg/kg body weight, intraperitoneally). 

The technique for collecting blood from the carotid body was as follows: after insertion of a 
short tracheal cannula as low down in the neck as possible, the trachea and oesophagus were 
divided between ligatures in the mid-cervical region. The trachea, larynx and oesophagus were 
then reflected upwards and to one side so as to expose adequately the carotid sinus region. The 
area of the carotid sinus was dissected free from neighbouring structures except for the superior 
cervical and nodose ganglia which were temporarily left attached to the postero-medial aspect of 
the carotid sinus region. The cervical vagosympathetic nerve was cut between ligatures about 
2 cm caudal to the nodose ganglion to exclude blood from the superior thyroid artery. In some 
experiments the cranial cut end of this nerve was separated into its components, the vagus and 
sympathetic, for subsequent electrical stimulation of the latter nerve. The internal jugular vein 
was then identified for subsequent cannulation. If this vessel was absent or very small, blood 
was collected instead from the prevertebral vein. 

The next stage in the dissection consisted of methodically tying off all arterial branches of the 
common and external carotid arteries. The ligatures were placed as distal to these main arteries 
as possible so as not to interfere with the supply of the carotid body. These included the lingual, 
ascending pharyngeal, occipital, internal carotid (if present) or small arteries in the same vicinity, 
and any muscle branches leaving the external carotid. The common carotid and external carotid 
arteries remained open throughout the experiment. The hypoglossal nerve was sectioned and its 
central end dissected free from the external carotid artery. All veins entering the region of the 
carotid sinus and superior cervical and nodose ganglia were ligatured except that which was to be 
cannulated for collecting blood. A loose thread was put round the internal jugular vein and the 
ninth, tenth and eleventh cranial nerves and sympathetic nerve, collectively, as they emerged 
through their respective foramina in the base of the skull. When blood was collected from the 
prevertebral vein, it was essential to place this mass ligature as far as possible above the origin 
of this vessel from the internal jugular. In some experiments, the carotid sinus and glosso- 
pharyngeal nerves were preserved so that reflex responses from the perfused carotid body could 
be elicited. Separate threads were then put round the structures emerging from the skull and tied 
separately. 

Before finally tying the mass ligature on the internal jugular vein the animal was given heparin 
(‘Liquemin’, Roche Products Ltd.) (10 mg/kg) to render the blood incoagulable. A small, silicone- 
coated glass cannula of uniform bore, 5 cm long, was then inserted into either the internal jugular 
vein immediately below the level of the carotid sinus or into the prevertebral vein. 

It will be noted that the method so far described differs little from the classical technique used — 
to perfuse the superior cervical and nodose ganglia (Kibjakow, 1933; Feldberg & Gaddum, 1934). 
As blood from these ganglia drains into the same venous channels as that from the carotid body 
(Chungcharoen, Daly & Schweitzer, 19524, 5), it was necessary to remove these ganglia so that 
the blood flow through the carotid bedy alone could be measured. This procedure was sometimes 
carried out during the course of the experiment so that the flows through these structures could 
be compared. 

Blood pressure was measured from the femoral artery by means of # mercury manometer. 
Occasionally it was necessary to maintain the blood pressure constant, and for this purpose 
@ modified compensator of the type used by Roberts (1921) was employed (Daly & Schweiteer, 
1952). Its capacity was about 100 ml. and it was filled with heparinized blood obtained from a 
second cat. Sedimentation was prevented by a metal propeller slowly rotated in the blood by 
@ magnet situated on the outside of the flask and driven by a geared electric motor. In a few 
experiments, the systemic blood pressure was raised or lowered and maintained constant at the 
new level by altering the air ure in the compensator. 

connected direttly to the cannula and held horizontally by clamps at a level of about 1 cm below 
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the carotid sinus. The flow was measured by timing the advancing blood column with a stop- 
watch over a distance of 10 or 20cm. Flow was recorded on the kymograph by manually operating 
a switch connected to a magnetic marker each time the blood passed a centimetre mark on the 
graduated tube. No change in flow was observed as the blood advanced along the tube so that the 
resistance offered by the tube can be considered negligible at the observed rates of flow. Moreover, 
tubes of slightly larger diameter gave exactly the same flow readings under identical conditions. 

Vascular resistance (v.8.). The value for carotid body vascular resistance is calculable from the 
mean femoral blood pressure, the carotid body venous pressure and the carotid body blood flow: 


(mean femoral B.P. - mean carotid body venous B.P.) mm Hg 
carotid body blood flow (ml./100 g/min) 


The value for vascular resistance obtained is expressed in convenient units representing the 
pressure necessary to force 1 ml. of blood/min through 100 g of carotid body tissue. The carotid 
body venous pressure was not measured in these experiments, but since the end of the outflow 
cannula was about 1 cm below the level of the carotid body, the error introduced by ignoring this 
figure in the calculation of vascular resistance is negligible. 

Blood gas analysis. Blood oxygen content was measured by the microgasometric technique of 
Roughton & Scholander (1943). In our hands this procedure showed a standard deviation of 
+0-2 ml. 0,/100 ml. about the mean of a series of twelve consecutive single analyses of the same 
blood sample. The magnitude of any absolute error in the method was not determined for these 
experiments since this was not essential in the estimation of differences in arteriovenous oxygen 
content. 

Samples of blood for analysis were obtained from the femoral artery and from the cannula in 
the vein draining the carotid sinus region. Arterial samples were collected in glass syringes and 
stored in ice water pending analyses which were completed within 1 hr. Venous samples were 
collected directly into the 39-3 mm® pipette used in the Roughton-Scholander blood gas technique 
and analysed immediately. Since the animals were heparinized, it was not necessary to add anti- 
coagulant to the blood on sampling. Only single measurements were performed because of the 
very small amounts of venous blood available. 

In several experiments, the blood flow through the carotid sinus region was reduced by lowering 
the arterial pressure. As this procedure might increase the tendency of the blood to sediment in 
the venous cannula, haematocrits were performed on both the venous and arterial samples in 
most instances. For this purpose blood was collected into 1 mm diameter glass tubes fused at the 
bottom and was centrifuged at 3000 rev/min for 20 min. 

Precautions taken against sedimentation of blood. Heparinized cat’s blood has a very high 

sedimentation rate, and in circumstances where blood flow is slow, clumps of red blood corpuscles 
are apt to collect in dependent parts of the perfusion system. This occurred in some of our experi- 
ments and was the result of the low rate of blood flow allowing the red cells time to sediment in 
the cannula while passing through it. In the first few experiments, this occasionally led to partial 
obstruction to the flow. Certain precautions were subsequently taken to reduce this risk to a 
minimum : 
» (1) In the technique used for collecting and measuring blood flow, the external carotid artery 
was always left open so as to prevent sedimentation of blood in the common carotid artery. Thus 
blood entering the occipito-ascending pharyngeal artery and supplying the carotid body would be 
identical in composition with that in the femoral artery from which samples were taken for 
analysis. 

(2) The vein was cannulated as close to its origin as possible. This also prevented the risk of 
spasm of the vein which proved particularly prone to occur in the internal jugular. 

(3) The cannula was inclined so that its distal end was about 1 cm lower than the vein into 
which it was inserted. Owing to the depth at which the prevertebral vein lies in relation to the 
surrounding tissues with the animal in the supine position, it was found more convenient to tilt 
the whole animal and cannula together. The animal was therefore laid on a table which could be 
tilted both longitudinally and laterally, and also incorporated an adjustable head-rest. 
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(4) The polythene connecting piece between the cannula and sampling tube was such that there 


was no dead space. 
Arterial blood gas changes after acute haemorrhage 

In a second series of experiments, cats under chloralose-urethane or Nembutal anaesthesia were 
bled from the femoral artery until the blood pressure was reduced to about 50 mm Hg. After an 
interval of time, the blood was transfused via the femoral vein. These procedures were made while 
the animal was breathing spontaneously or under positive pressure ventilation from a Starling 
‘Ideal’ pump. The rate of the pump was 15 rev/min and the stroke was adjusted so that the 
animal’s own spontaneous respiratory movements were just abolished. 

Blood gas analysis. Blood samples for analysis were obtained from the femoral artery as 
described above before and 4-10 min after bleeding. The carbon dioxide and oxygen contents of 
the blood were determined manometrically by the method of Van Slyke & Neill (1924), which in 
our hands has an acouracy between duplicate samples of + 0-1 ml./100 ml. for O, and +0-15 ml./ 
100 ml. for CO,. Single determinations were completed within 4 hr of withdrawal of the blood 
specimens. Determinations in duplicate of the haemoglobin concentration were made photo- 
metrically as cy thaemoglobin (Drabkin & Austin, 1935) with a Beckman photoelectric 
spectrophotometer. Oxygen capacity was calculated from the haemoglobin concentration on the 
assumption that 1 g of haemoglobin combines chemically with 1-34 ml. oxygen. 

The oxygen and carbon dioxide tensions of the blood were determined by the microton 
technique of Riley, Proemmel & Franke (1945) using a 1 ml. Roughton-Scholander syringe. The 
technical procedures were modified according to Lambertsen, Bunce, Drabkin & Schmidt (1952). 
Determinations in duplicate were made at 37° C, within 2 hr of withdrawal of the blood specimens. 
In our hands, this method showed a standard deviation of +2-4mm Hg for oxygen and 
+3-1 mm Hg for carbon dioxide about the mean of the difference between twenty-three duplicate 
analyses. Since our interest lay only in changes in blood gas tensions, the absolute accuracy of the 
technique was not redetermined by macrotonometry for this particular set of experiments 
(Lambertsen et al. 1952). 


It was important to make certain in every experiment that there was no contamination with 
blood from sources outside the vascular bed under study. In our preparations such an event was 
liable to occur in view of the large number of anastomotic channels in this region. In the cat, the 
carotid body is supplied by branches of the occipital or ascending-pharyngeal arteries, and the 
superior cervical and nodose ganglia also receive a large proportion »{ their blood through these 
vessels (Chungcharoen, Daly & Schweitzer 1952a, b). As all branches arising from the common and 
external carotid artery except the occipito-ascending pharyngeal artery were ligated, it was a simple 
matter to test whether venous blood draining into the cannula in the internal jugular or pre- 
vertebral vein was derived from sources other than the occipito-ascending pharyngeal artery. At 
the beginning of all experiments, the common and external carotid arteries were clamped to stop 
the blood inflow. In the absence of any patent collateral communications, either arterial or 
venous, the blood flow from the cannula should cease. The results of such a test are shown in 
Fig. 1. It will be noted that after clamping both vessels, there was a gradual diminution in outflow 
which ceased after a few minutes. The slow decline in flow is probably due to the gradual collapse 
of the arterial segment between the two clamps. Persistence of the flow after clamping indicated 
that blood was reaching the venous cannula from a source other than the oecipito-ascending 
artery. A search was then made for the responsible vessel and the test repeated after its ligation. 
We are therefore satisfied that all the blood being measured came from the carotid artery. 

The object of removing the superior cervical and nodose ganglia during the course of some of 
the experiments was to limit the measured venous drainage to that from the carotid body. It was 
inevitable that a small amount of tissue other than carotid body was left in the carotid bifurcation 
area, Any blood from this tissue would probably drain into the venous cannula. Care was there- 
fore taken to eliminate as much of this tissue as possible during the initial dissection. That its 
contribution, if any, was small was substantiated by a number of observations made on injection 
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of methylene blue into the common carotid artery. A few seconds after injection, the dye could 
be seen in the carotid body with the aid of a lens (magnification about 5 times). It rapidly dis- 
appeared and was then apparent in the venous cannula. No such discoloration was noticed in the 
adjacent tissue in the carotid bifurcation area. At the end of two experiments, the preparations 
were injected through the carotid artery with Hycar latex according to the method previously 
described (Chungcharoen, Daly, Neil & Schweitzer, 1952). The material in each case passed through 
the carotid body into the veins draining it. 


Fig. 1. Cat, J, 45 kg. Nembutal. Measurement of blood flow through the right carotid body, 
superior cervical and nodose ganglia. Carotid sinus nerve sectioned. Upper tracing: blood 
flow; lower tracing: arterial blood pressure. Time marker: 10 sec. The blood flow is reduced 
by occlusion of the right common carotid artery at a. It then gradually falls to zero after 
clamping the external carotid at b (right common carotid still occluded). At c, the right 
common carotid was opened. , 


In some experiments in which blood flow through the carotid body was being measured, the 
effect of occlusion of the occipito-ascending pharyngeal artery was observed. In all tests, the flow 
ceased completely. On two occasions it was possible to identify two or three veins coursing between 
the carotid body and the vein in which the cannula was inserted. It was found that ligation of 
these veins caused a stepwise reduction in blood flow as recorded in the graduated capillary tube. 
In one of the experiments, ligation of the last vein stopped the flow completely whereas, in the 
second, it was only reduced. It is probable that, in this case, other veins were present which were 
not identified. These experiments, as well as those in which injections of methylene blue or latex 
were made, were carried out in preparations after the removal of the superior cervical and nodose 
ganglia. We are confident, therefore, that the values for blood flow which were measured in the 
absence of these ganglia are, within fairly close limits, representative of those through the carotid 
body. | 

i Tests for activity of the preparation 

In view of the fairly extensive dissection which this preparation entails, it is pertinent to inquire 
whether the chemoreceptors show any activity when stimulated. In three experiments, therefore, 
the technique was slightly modified so as to maintain the integrity of the carotid sinus and 
glossopharyngeal nerves, the dissection in all other respects being similar to that described above. 
In all cases the injection of lobeline into the common carotid artery was accompanied by an 
immediate hyperpnoea. The response was subsequently abolished in one experiment in which the 
carotid sinus nerve was sectioned. The activity of the baroreceptors was also demonstrated by 
occluding the common carotid artery and observing a reflex rise in blood pressure. 
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RESULTS 


Volume of blood flow through the carotid body, superior cervical and 
nodose ganglia 
Normal blood flows. In thirteen experiments in which the combined blood 
flow through the carotid body, superior cervical and nodose ganglia was 
measured, the average value obtained was 63 mm®/min (range 11-120 mm%/ 
min). Occasionally, there was a tendency for the flow to fall off over a period 
of 2-5 hr after beginning of recording. 


TaBLE 1. Values for the combined blood flow through the carotid body and superior 
cervical and nodose ganglia and the effect of removal of the ganglia 


Before ganglionectomy After ganglionectomy 
B.P. Blood flow B.P. Blood flow 
(mm Hg) (mm/min) (mm Hg) (mm/min) 
125 70 140 50 
145 78 150 55 
150 79 130 25 
145 120 135 47 
120 80 120 29 
105 62 105 22 
Mean 132 82 130 38 


In six of these experiments the change in blood flow on removal of the 
superior cervical and nodose ganglia was determined. The results shown in 
Table 1 indicate that this procedure reduces the average blood flow by approxi- 
mately one-half (from 82 to 38 mm*/min). We interpret this result as indicating 
a diminution in the size of the vascular bed from which blood is collected. It 
cannot be due to removal of any tonic nervous influence controlling the blood 
flow through the carotid body, since in all these experiments, the cervical 
vagosympathetic nerve was sectioned above and below the ganglia, and all 
other nerves connecting these ganglia with the central nervous system were 
severed before measurement of the combined blood flow. The average figure of 
38 mm/min (range 22-55 mm/min) for the carotid body blood flow is lower 
than that published in our preliminary communication (Daly et al. 1952) but 
the earlier figure of 60 mm*/min was based on a smaller number of experiments 
in which the blood flow was measured by a less exact method. 

Effect of altering the mean arterial blood pressure. Experiments were per- 
formed to determine the relationship between arterial blood pressure and blood 
flow through the carotid body and the superior cervical and nodose ganglia. 
As might be expected, reduction of the blood pressure was accompanied by 
a diminution of blood flow. The results of four experiments are shown in Fig. 2. 
The values for blood flow obtained in two of the experiments are those for the 
carotid body alone. It will be noted that under the conditions of our experi- 
ments, the blood flow falls to zero when the blood pressure is lowered to 
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40-50 mm Hg. Since the cervical vagosympathetic nerve was sectioned above 
and below the level of these ganglia, the participation of nervous influences 
upon these structures is ruled out. 

Tests were made in three experiments of the effect of adrenaline (0-1% 
solution with 0-5% Chloretone, Parke, Davis and Co.) on the carotid body 
blood flow. Single doses of 10 and 25g intravenously caused the usual rise 
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Fig. 2. The relationship between mean arterial blood pressure and blood flow through the carotid 
body and superior cervical and nodose ganglia in four experiments. In two of them (O and 
@), the values for flow are those for the carotid body only following removal of the ganglia. 


in blood pressure and an increase in blood flow of 43 and 12 % respectively in 
two different experiments. In three other tests 100ug of adrenaline was 
injected in divided doses of 101g to maintain the response for a greater length 
of time. Increases in blood flow of 20, 52 and 67% were observed. 


Effect of stimulation of the cervical sympathetic nerve. In the course of these 
experiments we have investigated the effect of stimulation of the cut cephalic 
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end of the cervical sympathetic nerve on the blood flow through the carotid 
body, superior cervical and nodose ganglia. The results are shown in Table 2. 
A reduction in blood flow was observed in two of three experiments (nos. 10, 
11 and 14). The blood flow in Expt. 11 was, for an unexplained reason, alrefily 
| very low and was not appreciably altered by stimulation of the cervical 
sympathetic nerve. In one further experiment (no. 9), the vascular connexions 
of the superior cervical and nodose ganglia were severed but the nerve con- 
nexions with the carotid sinus region were preserved. Stimulation of the 
cervical sympathetic nerve in this case caused a considerable reduction in 
carotid body blood flow which was abolished by section of the postganglionic 
fibres (no. 9f). For technical reasons, this was the only experiment in which 
unequivocal evidence of an alteration in carotid body blood flow was obtained. 
In other experiments, attempts were made to stimulate directly the post- 
ganglionic nerve from the superior cervical ganglion supplying the carotid sinus 
region, but insertion of stimulating electrodes under the nerve caused partial 
obstruction to the outflow of blood, presumably by compressing the veins. 


| TasBLE 2. The effects of stimulation of the cephalic end of the cut cervical sympathetic nerve upon the 
blood flow through the carotid body and superior cervical and nodose ganglia 


Vascular resistance 
Expt. ‘CE Change mm Hg/ml./100 g/min Change 
| no. Trial Stimulus* (mmHg) mm'*/min (%) (x 100) (%) Remarks 
9t a  10V, 30 sec 170 56 25 — 55 6-1 13-6 +123 — 
b — 160 38 22 —42 8-4 14-5 +73 — 
c 160 68 39 43 4-7 8-2 +74 — 
d — 145 53 31 —42 5-5 9-4 +71 — 
e 5V, 30 seo 130 36 19 -47 7-2 13-7 +90 -- 
f _ 140 74 74 0 3-8 3-8 0 After section of 
fibres 
10 a 5V, 30 sec 140 87 81 - 7 3-2 3-5 + 8 — 
b = 10V, 30 sec 150 81 55 —32 3-7 5-5 +47 
Il  10V, 30 sec 160 25 25 0 12:8 12-8 0 
b a 160 25 26 +4 12-8 12-3 - 4 ao 
14 a  10V, 30 sec 135 108 78 — 28 2°5 3-5 +40 ~- 
b — 130 98 80 -18 2-6 3-3 +27 —_ 
ce 15V, Imin 130 90 79 -12 2-9 3-3 +14 


i * Stimulus was always 50 c/s, 1 msec duration. : 
d and £ are the control and experimental states respectively. 


These experiments make it highly probable that the sympathetic nervous 


n system can modify the blood flow, not only through the superior cervical and 

8 nodose ganglia, but also through the carotid body. Since all other nerves — 

h leaving the superior cervical ganglion were either ligated or cut, there was no 
alteration in blood pressure during sympathetic nerve stimulation. The 


e diminution in blood flow must therefore have been due to vasoconstriction as 
ic indicated by the increase in calculated vascular resistance (Table 2). 
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Arteriovenous oxygen content difference across the carotid body. Evidence 
which has been presented so far indicates that the carotid body blood flow 
is determined by the level of the arterial blood pressure and by the activity 
of the sympathetic system. We have therefore substantiated the hypothesis 
made by numerous earlier workers cited in the introduction, that alteration 
in the intrasinusal pressure brought about by a variety of means will alter the 
carotid body blood flow. The question now arises: ‘Is the metabolism of the 
carotid body sufficient to lower its intrinsic oxygen tension under conditions 
of lowered blood flow and thereby cause it to be stimulated.’ 

We therefore measured the arteriovenous oxygen difference across the 
carotid body. In the experiments to be described, the superior cervical and 
nodose ganglia were removed. Blood samples from the femoral artery and 
from the cannula inserted into the internal jugular or prevertebral vein were 
drawn simultaneously; the latter represented carotid body ‘venous’ blood. 


Tas.e 3. The relationship between the blood flow and arteriovenous (a.-v.) oxygen difference 
across the carotid body. The superior cervical and nodose ganglia were removed. The blood 
flow was reduced by lowering the arterial blood pressure 


Normal blood flow Reduced blood flow 
Flow a.-v. Oy diff. "Flow A.-v. O, diff. 
(mm*/min)  (ml./100 ml.) (mm*/min)  (ml./100 ml.) 
19 0-6 6 2-5 
22 0-2 s 2-3 
39 -—0-2 1-3 
29 0-2 9 2-0 
37 0-4 ll 2-8 
0-1 ll 
4 0-4 Mean 
51 —0-2 
55 0-3 
60 -0-3 
Mean 40 0-15 


The results, summarized in Table 3, show that with a normal carotid body 
blood flow of about 40 mm*/min, there is no significant arteriovenous oxygen 
difference across the carotid body. It therefore appeared that if an arterio- 
venous oxygen difference really exists the best way of demonstrating it would 
be to lower the carotid body blood flow thereby increasing the amount of 
oxygen extracted per unit volume of blood passing through the tissue. The 
carotid body blood flow was reduced by lowering the level of the arterial blood 
pressure. This was considered preferable to clamping the common carotid 
artery as a means of producing the same effect on the blood flow, for it was 
thought likely that blood would sediment in the carotid bifurcation region 
above the level of the clamp. This would lead to the possibility that arterial 
blood sampled from the femoral artery would not be representative of that 
entering the carotid body. 

The blood pressure was lowered by means of a compensator until the carotid 
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body blood flow was reduced to a convenient level, approximately 10 mm®/min. 
When the flow had been stabilized, a period of 10-15 min was allowed to elapse 
before taking simultaneous samples of blood from the femoral artery and 
carotid body cannula. 

The results are summarized in Table 3 and show that, at the reduced carotid 
body blood flow, a significant arteriovenous oxygen difference of about 
2-0 ml./100 ml. becomes apparent. Comparison of the arteriovenous oxygen 
differences before and after lowering the carotid body blood flow are shown in 


Table 4. 
| TaBiE 4. The effect of changes in blood pressure on arterial and carotid body ‘ venous’ 
blood gases (Nembutal anaesthesia) 
B.P. Arterial O, content Venous 0, content a.—v. O, diff. 
(mm Hg) (ml./100 ml.) (ml./100 ml.) (ml./100 ml.) 
19a 120 70 20-3 15°3 19-9 14-0 0-4 1-3 
20a 140 90 17-2 16-1 170 13-8 0-2 2-3 
4 b 130 90 18-0 16-7 17-4 14-7 0-6 2-0 


130 83 18-5 16-0 18-1 14-2 0-4 18 
Changes in arterial blood gas tensions during acute haemorrhagic 
hypotension 
_ In view of the previously mentioned findings that acute haemorrhagic hypo- 
tension causes an increased discharge in chemoreceptor fibres of the carotid 
inu.§ nerve, it was necessary to make certain that there was no concomitant 
arterial pO, before postulating intrinsic anoxia of the carotid body as 
hse of its increased activity during hypotension. Actually, it was found in 
the initial phase of this study that a fall in arterial oxygen content did occur 
with h Vir (Table 4). This led us to perform a separate series of experi- 


ments etermine whether this fall in arterial oxygen content was accom- 
panied by a fall in arterial pO, which might have accounted for the increase 
vhemoreceptor discharge. 

The results of analyses upon arterial blood samples collected during normal 
and low blood pressure levels are shown in Table 5. In those experiments in 
which the animals were breathing spontaneously there was an average fall in 
arterial oxygen content of nearly 2 ml./100 ml. (see also Table 4). This was 


> accompanied, however, by a parallel decrease in haemoglobin concentration, 


and for this reason no reduction in haemoglobin saturation occurred. Actually, 
the more sensitive directly measured arterial pO, was found to be increased 
by an average of 10 mm Hg contrary to what might have been expected from 
the fall in arterial oxygen content. It will be noted that the largest increase 
in’ arterial pO, occurred in a preparation under Nembutal anaesthesia 
(Expt. 5a, 6). This was probably due to the respiration being unduly depressed 
during the control observations; the subsequent hyperventilation on bleeding 
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Arteriovenous oxygen content difference across the carotid body. Evidence 
which has been presented so far indicates that the carotid body blood flow 
is determined by the level of the arterial blood pressure and by the activity 
of the sympathetic system. We have therefore substantiated the hypothesis 
made by numerous earlier workers cited in the introduction, that alteration 
in the intrasinusal pressure brought about by a variety of means will alter the 
carotid body blood flow. The question now arises: ‘Is the metabolism of the 
carotid body sufficient to lower its intrinsic oxygen tension under conditions 
of lowered blood flow and thereby cause it to be stimulated.’ 

We therefore measured the arteriovenous oxygen difference across the 
carotid body. In the experiments to be described, the superior cervical and 
nodose ganglia were removed. Blood samples from the femoral artery and 
from the cannula inserted into the internal jugular or prevertebral vein were 
drawn simultaneously; the latter represented carotid body ‘venous’ blood. 


TaBLE 3, The relationship between the blood flow and arteriovenous (a.-v.) oxygen difference 
across the carotid body. The superior cervical and nodose ganglia were removed. The blood 
flow was reduced by lowering the arterial blood pressure 


Normal blood flow Reduced blood flow 
Flow A.-V. Oy diff. Flow a.-v. O, diff. 
(mm/min)  (ml./100 ml.) (mm/min)  (ml./100 ml.) 
19 0-6 6 2-5 
22 0-2 8 2:3 
39 -—0-2 8 1:3 
29 0-2 9 2-0 . 
37 0-4 ll 2-8 
ll 1-1 
51 -0-2 
55 0-3 
60 -0-3 
Mean 40 0-15 


The results, summarized in Table 3, show that with a normal carotid body 
blood flow of about 40 mm*/min, there is no significant arteriovenous oxygen 
difference across the carotid body. It therefore appeared that if an arterio- 
venous oxygen difference really exists the best way of demonstrating it would 
be to lower the carotid body blood flow thereby increasing the amount of 
oxygen extracted per unit volume of blood passing through the tissue. The 

carotid body blood flow was reduced by lowering the level of the arterial blood 
pressure. This was considered preferable to clamping the common carotid 
artery as a means of producing the same effect on the blood flow, for it was 
thought likely that blood would sediment in the carotid bifurcation region 
above the level of the clamp. This would lead to the possibility that arterial 
blood sampled from the femoral artery would not be representative of that 
entering the carotid body. 

The blood pressure was lowered by means of a compensator until the carotid 
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body blood flow was reduced to a convenient level, approximately 10 mm*/min. 
When the flow had been stabilized, a period of 10-15 min was allowed to elapse 


before taking simultaneous samples of blood from the femoral artery and 
carotid body cannula. 


The results are summarized in Table 3 and show that, at the reduced carotid 
body blood flow, a significant arteriovenous oxygen difference of about 
2-0 ml./100 ml. becomes apparent. Comparison of the arteriovenous oxygen 
differences before and after lowering the carotid body blood flow are shown in 
Table 4. 


TaBLe 4. The effect of changes in blood pressure on arterial and carotid body ‘venous’ 


blood gases (Nembutal anaesthesia) 

B.P. Arterial 0, content Venous O, content A.—v. O, diff. 

(mm Hg) (ml./100 ml.) (ml./100 ml.) (ml./100 ml.) 

no. C E C E C E C E 
194 120 70 20-3 15-3 19-9 14-0 0-4 13 
20a 140 90 17-2 16-1 17-0 13-8 0-2 2-3 
b 130 90 18-0 16-7 17-4 14-7 0-6 20 
130 83 18-5 16-0 18-1 14-2 0-4 1-8 

Changes in arterial blood gas tensions during acute haemorrhagic 
hypotension 


In view of the previously mentioned findings that acute haemorrhagic hypo- 
tension causes an increased discharge in chemoreceptor fibres of the carotid 
sinus nerve, it was necessary to make certain that there was no concomitant 
fall in arterial pO, before postulating intrinsic anoxia of the carotid body as 
a cause of its increased activity during hypotension. Actually, it was found in 
the initial phase of this study that a fall in arterial oxygen content did occur 
with hypotension (Table 4). This led us to perform a separate series of experi- 
ments to determine whether this fall in arterial oxygen content was accom- 
panied by a fall in arterial pO, which might have accounted for the increase 
in chemoreceptor discharge. 

The results of analyses upon arterial blood samples collected during normal 
and low blood pressure levels are shown in Table 5. In those experiments in 
which the animals were breathing spontaneously there was an average fall in 
arterial oxygen content of nearly 2 ml./100 ml. (see also Table 4). This was 
accompanied, however, by a parallel decrease in haemoglobin concentration, 
and for this reason no reduction in haemoglobin saturation occurred. Actually, 
the more sensitive directly measured arterial pO, was found to be increased 
by an average of 10 mm Hg contrary to what might have been expected from 
the fall in arterial oxygen content. It will be noted that the largest increase 
in arterial pO, occurred in a preparation under Nembutal anaesthesia 
(Expt. 5a, b). This was probably due to the respiration being unduly depressed 
during the control observations; the subsequent hyperventilation on bleeding 
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then restored the arterial pO, to normal and caused the arterial pCO, to 
diminish appreciably. 

A second series of observations was made on cats ventilated artificially with 
a Starling ‘Ideal’ pump. Again, there was a fall of approximately 2 ml./100 ml. 
in arterial oxygen content accompanied by a fall in haemoglobin concentration 
without a detectable change in percentage haemoglobin saturation. There was, 
however, an average increase in arterial pO, of 5 mm and a diminution in 
arterial pCO, of 6 mm Hg. 

DISCUSSION 

The results of our experiments indicate that, in proportion to its weight, the 
carotid body has normally a greater blood flow and a higher oxygen consump- 
tion than any other tissue of the body. At the normally high rate of blood 
flow, blood essentially arterial in composition flows from the veins of the 
carotid body. Our results indicate that when the blood flow is diminished, as 
through low arterial blood pressure, sufficient oxygen is removed from the 
blood in its passage through the carotid body to induce an intrinsic anoxia 
within it, perhaps sufficient to cause stimulation of this structure even in the 
presence of normal oxygen tensions in the arterial blood. The interrelationships 
of these findings, and their bearing upon the work of others, appear to justify 
some elaboration. | 

Carotid body blood flow. The significance of a value for the carotid body blood 
flow obtained by direct measurement cannot be fully appreciated until it is 
expressed in the conventional manner in terms of ml. blood/100 g tissue/min. 
It was found on the basis of eleven observations that the average weight of the 
carotid body is 1-8 mg (range 1-3-2-25 mg).* Thus a flow of 40 mm*/min for 
a 2 mg carotid body is equivalent to about 2000 ml./100 g of carotid body 
tissue/min. While such a calculation can only be taken as a rough approxi- 
mation, it clearly indicates that the carotid body blood flow is many times 
greater than that through any other organ of the body; e.g. the blood flow 
through brain tissue is about 60 ml./100 g/min. (Dumke & Schmidt, 1943), and 
that through the heart muscle is 64-151 ml./100 g left ventricle/min, according 
to various workers (Gregg, 1950). Arnold (1865) emphasized that the carotid 
body was a very vascular structure and our results fully support De Castro’s 
(1951) contention, based on histological studies, that the carotid body blood 
flow ought to be large and probably is unsurpassed by that of any other 
organ. 

With regard to the vascular system within the carotid body, several workers 
have described arteriovenous anastomotic vessels (De Castro, 1926, 1928, 1951; 
Goormagtigh & Pannier, 1939). It might be argued, therefore, that the high 
rates of blood flow per unit weight of tissue which have been observed are due 


* These results were obtained from six cats (weight 3-5-4-2 kg) bled to death under ether 
anaesthesia. 
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in part to blood being shunted through these anastomotic channels which 
presumably offer less resistance to blood flow than the capillaries lining the 
glomus cells. We are unable to deny this; the technique employed in our 
experiments only enabled us to measure the total carotid body blood flow. 
The evidence which De Castro (1951) has presented, however, would suggest 
that only a small proportion of the carotid body blood flows through the 
arteriovenous anastomoses when the chemoreceptors are quiescent. 

The increase in chemoreceptor impulse activity during hypotension has been 
attributed to a decrease in carotid body blood flow resulting mainly from a 
lowering of the cardiac output but also to active vasoconstriction of the carotid 
body blood supply (Landgren & Neil, 19516; Floyd & Neil, 1952). Our own 
observations show conclusively that the carotid body blood flow diminishes 
with a fall in blood pressure and becomes virtually zero at levels below about 
40 mm Hg. Since these changes in blood flow occur in preparations in which 
the carotid sinus nerve and vagus and sympathetic nerve supplies were 
sectioned, no reflex alteration in blood flow through the carotid body would 
be expected. Such flow changes must, therefore, be due to a diminution 
in perfusion pressure. Clamping the common carotid artery results in a 
fall in intrasinusal pressure (Schmidt, 1932; Chungcharoen, Daly, Neil & 
Schweitzer, 1952) and this is undoubtedly the mechanism of the fall in carotid 
body blood flow observed in our experiments. Other factors, such as an increase 
in carotid body vascular resistance of nervous origin, may also participate in 
normally innervated preparations. | 

It has been shown that sympathetic fibres from the superior cervical ganglion 
supply the carotid sinus region including the carotid body (Luschka, 1862; 
Kohn, 1900). The effect of electrical stimulation of the cephalic end of the cut 
cervical sympathetic nerve was found to reduce the blood flow through the 
carotid body, superior cervical and nodose ganglia when there was no change 
in the level of the arterial blood pressure. Although this is not unequivocal 
evidence that the blood flow through the carotid body itself is diminished, it 
was nevertheless shown in one experiment that such a response does occur. 
An average increase in calculated vascular resistance of 87 % (five observations) 
occurred which was not present after section of the postganglionic sympathetic 
fibres (Gerard & Billingsley, 1923). It is presumed that, in the presence of 
increased sympathetic activity, the pressure-flow curve shown in Fig. 2 would 
be shifted to the right, but we have not made any studies to substantiate this. 

Under conditions of low blood pressure after bleeding, therefore, there are 
two potential factors promoting reduction of blood flow through the carotid 
body—a diminution in perfusion pressure and an increase in resistance to blood 
flow because of increased sympathetic activity. We have no evidence as to 
which of these mechanisms is the more important in contributing to the 
decrease in carotid body blood flow in the normally innervated preparation. 
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Floyd & Neil (1952) considered that the sympathetic vasoconstrictor influence 
on the carotid body was weak; their conclusions were based on action potential 
studies in the carotid sinus nerve. 

Metabolism of the carotid body. On the basis of the rate of blood flow, 
arteriovenous oxygen difference and weight of the carotid body, the approxi- 
mate rate of oxygen consumption by this small structure can be calculated 
from the Fick equation. With the observed average reduced blood flow of 
9 mm*/min and arteriovenous oxygen difference of 2-0 ml./100 ml., the average 
rate of oxygen consumption is of the order of 0-00018 ml. O,/carotid body/min. 
The average wet weight of a carotid body was found to be about 2 mg, thus 
the carotid body oxygen consumption is 9 ml./min/100 g tissue or nearly three 
times that found by Kety & Schmidt (1945) for the rate of cerebral oxygen 
uptake. In view of the several potential sources of error in the measurements 
employed for this calculation, we can make no claim for the ultimate accuracy 
of this figure for carotid body oxygen consumption. Nevertheless, it indicates 
that the carotid body may utilize an appreciable volume of oxygen comparable 
to that of other tissues. This is surprising in view of the well-known resistance 
of the carotid body to damage by severe anoxia (Samaan & Stella, 1935; 
Comroe & Schmidt, 1938). 

Comroe & Schmidt (1938) showed that when blood equilibrated with carbon 
monoxide was perfused through the carotid body, a reflex hyperpnoea resulted. 
This ceased as soon as oxygen was bubbled through the blood although its 
oxygen content increased by only 0-42 ml./100 ml. most of which presumably 


. went into physical solution in the plasma. They concluded that these ‘receptors 


are satisfied with a small amount of oxygen provided that the tension remains 
normal’ and that ‘the amounts of oxygen carried in simple solution in the 
blood evidently are more than adequate to meet the needs of the small mass 
of tissue. . . but the tension of the gas must be maintained nearly at a normal 
level for this to occur’. 

Our experiments have shown that, in cats ventilated with air, the uptake of 
oxygen by the carotid body at its normal blood flow rate is not measurable 
within the limits of error of the method used. It follows that on inhalation of 
100% oxygen, the oxygen requirements of the carotid body can be more than 
met by the amount of physically dissolved oxygen in the blood (2-1 ml. 
0,/100 ml. at a pO, of 650 mm Hg and at 37°C). Thus, if the pO, of blood 
entering the carotid body is 650 mm Hg, then that of its ‘venous’ blood would 
almost certainly be far greater than 100 mm Hg. It is evident that, under 
these conditions, there would be no reduction of haemoglobin on the passage 
of blood through the carotid body. In Comroe & Schmidt’s experiments, 
therefore, bubbling oxygen through carbon monoxide treated blood would 
cause a considerable increase in the amount of physically dissolved oxygen in 
the blood so that, however small the increase in oxygen content may appear, 
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it is nevertheless more than enough to satisfy the requirements of the carotid 
body in view of the high rate of blood flow which this structure enjoys. We 
feel, therefore, that their experimental results are actually in accord with our 
own findings and no longer need be interpreted as meaning that the carotid 
body has a small oxygen consumption. 

It should be pointed out that the value obtained for the oxygen consump- 
tion per carotid body based on the values for carotid body blood flow and 
arteriovenous oxygen difference is not invalidated by the presence of functional 
arteriovenous anastomoses which presumably would be carrying arterial blood. 
For in the latter instance, the blood flow through the capillaries would be 
smaller than that measured at the cannula by an amount equal to that flowing 
through the shunts. This would result in a directly proportional increase in 
arteriovenous oxygen difference across the glomus tissue, and hence result in 
the same calculated oxygen consumption. 

Whatever is the mechanism by which anoxia excites the chemoreceptors, 
it is necessary to suppose that there exists some process in the cells depending 
upon the tissue pO,. It would therefore be of some interest to know the 
intracellular pO, of the glomus cells under normal conditions. It is possible to 
estimate this from the oxygen consumption per unit weight of the tissue and 
other pertinent data (see Opitz & Schneider, 1950). As has already been 
pointed out, the potential sources of error involved in the determination of 
the oxygen consumption of this small structure may be considerable, in which 
case the calculated intracellular pO, would be of little significance. Moreover, 
a further source of error would be introduced if a proportion of the carotid 
body blood is shunted through arteriovenous anastomoses. As has already 
been inferred, this would result in a lower capillary pO, than our analyses 
indicate. We feel, therefore, that such a procedure is not justified at present. 

Potential sources of error. There are several possible objections to our results. 
First, at the slower rates of blood flow, the rapid sedimentation of erythrocytes 
in cats’ heparinized blood became apparent and raised doubts about the 
uniformity of the venous samples collected for analysis. However, when the 
haematocrit measurements of blood specimens collected simultaneously from 
the femoral artery and the carotid venous cannula were compared no significant 
differences were found until the blood flow was reduced below 5 mm®/min. 
Then, in fact, the tendency was for the venous haematocrit to be slightly 
higher, not lower, than the arterial. 

A second potential source of error is inherent in the necessity for collecting 
venous blood draining not only from the carotid body but probably also from 
arterial tissue of the carotid bifurcation. The weight of this tissue is approxi- 
mately 50 mg and its oxygen utilization could have contributed, in part, to 
the observed arteriovenous oxygen difference. Some indication of the possible 
magnitude of the error introduced can be obtained from the studies of 
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Thompson (1952, personal communication) who found that the rate of oxygen 
consumption by carotid arterial tissue in vitro was 0-2-0-6 mm! 0,/g tissue/ 
min. Thus, 50 mg of carotid artery should have an oxygen consumption of no 
more than 0-03 mm*/min and at the average reduced blood flow of nearly 
10 mm*/min could have accounted for no more than about 0-3 ml./100 ml. of 
the observed 2-0 ml./100 ml. arteriovenous oxygen difference. 

On inspection of the mean figures presented in Table 3 it will be noted that 
they are not completely consistent, for whereas the blood flow was decreased 
to one-quarter, the arteriovenous oxygen difference increased about tenfold. 


The cause of this discrepancy is not at once apparent, but we are inclined to 


attribute it to our inability to arrive at an accurate figure for the arteriovenous 
oxygen difference at normal blood pressure levels. Because of this, the figures 
for the small arteriovenous oxygen differences at normal rates of carotid body 
blood flow are subject to a relatively greater error than those larger values 
obtained at the slower rates of flow. We thought at first that the discrepancy 
might be due to poor sampling as a result of blood sedimentation, particularly 
at the very slow flows which were encountered. However, repeated haema- 
tocrit determinations on both the arterial and carotid body venous samples at 
normal and reduced rates of blood flow failed to produce any evidence in 
support of this. Another possibility is that the disproportionately larger 
arteriovenous oxygen difference during reduced blood flow is due to the 
metabolic use of oxygen by blood during the extra time it takes to draw the 
samples; this amounts to about 0-0037 ml. 0,/100 ml. blood/min at 37° C 
(Lambertsen & Bunce, unpublished observations). Such a factor could only 
account for a very small fall in oxygen content and, furthermore, it should be 
equal in both the arterial and venous samples. We have considered one other 
possible explanation, namely, the carotid body metabolism may be higher at 
reduced rates of blood flow than at flow rates associated with normal levels 
of arterial blood pressure. Such a view would be in keeping with the finding 
that the activity of the chemoreceptors is enormously increased when the 
blood pressure is reduced by bleeding (Landgren & Neil, 1951 5). 

Finally, the oxygen content of arterial blood was found to fall by 1-2 
ml./100 ml. on reducing the blood pressure from 140 to 90 mm Hg (Table 4). 
This does not affect the measurements of the arteriovenous oxygen difference 
across the carotid body since these were routinely carried out upon 
simultaneously drawn samples. 

Blood gas changes during hypotension. One of the physiological procedures 
which has recently been used for investigating chemoreceptor mechanisms is 
that of acute haemorrhagic hypotension. The increase in chemoreceptor 
impulse activity in the carotid sinus nerve associated with lowering of the 
arterial blood pressure occurs in animals breathing spontaneously and under 


artificial respiration (Landgren & Neil, 19516). 
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It was found in the initial phase of this study that a fall in arterial oxygen 
content occurred with hypotension (Table 4); a similar effect had been noted 
previously by us in dogs under artificial respiration (Daly & Schweitzer, 1952) 
and by other workers previously (see Wiggers, 1950). Such a change in oxygen 
content could be accompanied by a fall in arterial pO, and could have 
accounted for the increase in chemoreceptor activity. It was found, however, 
that, in cats breathing spontaneously or under constant artificial respiration, 
there was an increase in arterial pO, and a decrease in pCO,. These changes, 
occurring in the animals ventilated artificially, were unexpected (cf. Landgren 
& Neil, 19516), and the exact mechanism by which they are brought about is 
at present uncertain. It has been found that the degree of hypotension to 
which our animals were subjected is accompanied by a decrease in oxygen 
consumption (Gesell, Foote & Capp, 1922; Blalock, 1927), and no change or 
an increase in respiratory quotient (Aub, 1920; Price, Hanlon, Longmuire & 
Metcalf, 1941; Root, Walcott & Gregersen, 1947). The changes in arterial pO, 
and pCO, could, therefore, be accounted for on the basis of the alveolar and 
ventilation equations. Another possibility is that there occurs a diminution in 
the amount of venous admixture of blood on its passage through the lungs. 

Importance of carotid body blood flow. The observation of Landgren & Neil 
(1951 5) that the chemoreceptor discharge occurring after haemorrhagic hypo- 
tension is considerably reduced by administration of 100% oxygen would 
suggest that the stimulant was of anoxic origin. By increasing the volume of 
physically dissolved oxygen in the plasma, it would be reasonable to presume 
that the metabolic requirements of oxygen by the chemoreceptors can be more 
readily met during slowing of the blood flow under these conditions. 

If it can be assumed that, at normal levels of arterial blood pressure and 


blood gas tensions, the greater proportion of the measured carotid body blood . 


flow passes through its capillaries, then the collection of arterial blood from 
the veins draining the carotid body is in accordance with the high rates of 
blood flow per unit weight of tissue. It is, moreover, against any conception 
that the carotid body metabolism contributes to its own stimulation by 
lowering the pO, of the blood circulating through it. On the other hand, we 
have found, as cited earlier, that the flow through the carotid body is decreased 
by hypotension, becoming zero at levels of blood pressures below about 
40 mm Hg. At the slow rates of blood flow associated with lesser degrees of 
hypotension the arteriovenous oxygen difference averaged about 2 ml./100 ml. 
Although it was not convenient to measure oxygen tension or percentage 
haemoglobin saturation of carotid body venous blood, it is evident that such 
a fall in blood oxygen content across the carotid body should result in a venous 
haemoglobin saturation of not more than about 80%. It is known that an 
arterial haemoglobin saturation of less than 96% is capable of causing the 
chemoreceptors to discharge (Euler e¢ al. 1939); somewhat lower figures 
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(approximately 64-83%) have been obtained by other workers based on 
measurements of the reflex response of respiration (see Schmidt & Comroe, 
1940). Since the increased chemoreceptor impulse activity occurring during 
hypotension cannot be accounted for by changes in arterial pO, and pCd,, it is 
apparent that the carotid body may be exposed to stimulant levels of 
anoxaemia simply by virtue of a fall in blood pO, resulting from the slow 
passage of blood through the organ. Our results, therefore, provide direct 
evidence in support of the views held by other workers that change in blood 
flow through the carotid body is an important factor influencing the activity 
of the chemoreceptors. 

The response of the chemoreceptors during haemorrhagic hypotension is in 
contrast to that produced by lowering the arterial oxygen content as in carbon 
monoxide poisoning. Duke, Green & Neil (1952) showed that, in cats, inhala- 
tion of 1-2% carbon monoxide in air caused no increase in chemoreceptor 
impulse activity in the carotid sinus nerve when the arterial oxygen haemo- 
globin saturation was as low as 20-30% so long as there was no reduction in 
arterial oxygen tension. If these two sets of experiments, hypotension and 
carbon monoxide poisoning are considered together, it is evident that there is 
one factor common to both, i.e. a reduction in the ‘oxygen flow’ through the 
carotid body. In so far as the oxygen supply to the tissue is concerned, a reduc- 
tion to one-quarter in the oxygen carrying power of the blood by combination 
of the haemoglobin with carbon monoxide is comparable to a reduction in 
blood flow through the carotid body to one-quarter if the arterial pO, remains 
normal. In point of fact, in the case of blood partially saturated with carbon 
monoxide the oxygen dissociation curve of the remaining oxyhaemoglobin is 
altered in such a way that the oxygen dissociates at a lower partial pressure 
than normal (Douglas, Haldane & Haldane, 1912). A lower tissue pO, would 
therefore be expected than in the case of a corresponding reduction in carotid 
body blood flow. In order to bring about a reduction in carotid body blood 
flow to one-quarter of its normal value, the blood pressure must be reduced 
from 130 to about 90 mm Hg (Fig. 2). As shown by Landgren & Neil (1951 5) 
a reduction in blood pressure of this size results in a definite increase in chemo- 
receptor fibre impulse activity, yet no such effect occurs in carbon monoxide 
poisoning when the arterial oxygen content is reduced to one-quarter (Duke 
et al. 1952). The explanation of this apparent discrepancy 1s not at present 
clear. We have shown that electrical stimulation of the preganglionic sympa- 
thetic supply to the carotid body can cause a considerable increase in vascular 
resistance. It is possible, therefore, that in normally innervated carotid body 
preparations, the reduction in blood flow for any given fall in blood pressure 
may be greater than our results would indicate through a gradual increase in 
sympathetic activity; that is, the trend would be for the pressure-flow curve 
of Fig. 2 to be shifted to the right. Present evidence would suggest that little 
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change in sympathetic nervous activity occurs during carbon monoxide 
poisoning (Chiodi, Dill, Consolazio & Horvath, 1941). A contributory cause 
tending to diminish blood flow during hypotension is suggested by the work of 
De Castro (1951) on the changes in size of the carotid body and in the volume 
of blood flow in its superficial veins during induced anoxia or hypercapnia. 
He believed that during activity of the chemoreceptors there was a diminution 
in capillary blood flow due to opening of arteriovenous anastomotic channels, 
and suggested the mechanism to be an alteration in the concentration of 
products derived from cellular metabolism. It is conceivable, therefore, that 
withdrawal of small quantities of blood from an animal such as would cause 
only a small change in blood pressure could result in a considerable fall in 
carotid body capillary blood flow due to either one or both these mechanisms. 
To what extent this may occur, if at all, and whether or not there would be 
any accompanying increase in chemoreceptor fibre impulse activity is unknown. 
In this connexion, studies on the relationship between carotid body blood flow 
and chemoreceptor impulse activity in the carotid sinus nerve might yield 
valuable information. 

One final point may be mentioned in relation to the reflex respiratory 
response during acute haemorrhagic hypotension. The activity of the carotid 
body chemoreceptors as indicated by action potential studies has been found 
to be considerably greater during hypotension in which the blood pressure was 
lowered to 50 mm Hg than when the same animal was ventilated with 4-5 °% 
oxygen in nitrogen at normal blood pressure (Landgren & Neil, 19516). In 
several of our experiments, the respiratory responses during hypotension were 
observed. Although an increase in minute volume usually occurred during the 
fall in blood pressure, it was not always maintained at this increased level after 
the pressure had been stabilized at 50-70 mm Hg, and was often less than that 
produced by inhalation of 5% oxygen in nitrogen in the same animal with 
normal blood pressure. The hyperpnoea elicited by hypotension is, therefore, 
smaller than should be expected from the degree of chemoreceptor drive if 
action potential studies truly indicate the activity of chemoreceptors. This 
suggests that the chemoreceptor impulses during haemorrhagic hypotension 
may be partly blocked somewhere along the reflex nervous pathway. One 
mechanism by which this could be brought about is an alteration in the carbon 
dioxide tension in the medullary centre. Evidence in support of a general rise 
in tissue pCO, is provided by the fact that hypotension is accompanied by an 
increase in mixed venous blood carbon dioxide content (Henderson, 1910) and 
in hydrogen-ion concentration (Hertzman & Gesell, 1927). If a gross elevation 
of pCO, in the medulla occurs during hypotension, then the effectiveness of 
the reflex chemoreceptor drive might be considerably diminished. In this 
connexion Astrém (1952) found that an increase in the arterial hydrogen-ion 
concentration caused depression of chemoreceptor influence upon respiration 
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produced by intravenous injections of cyanide or by anoxaemia, Final 
clarification of these questions must await information on the changes in 
cerebral venous blood gas tensions during haemorrhagic hypotension. 


SUMMARY 


1. A technique is described for collecting and measuring the blood flow 
through the carotid body of the cat in which its natural arterial supply remains 
undisturbed. 

2. The average carotid body blood flow at normal arterial blood pressure 
was found to be 38 mm*/min. The flow is dependent upon the level of the blood 
pressure. Intravenous injections of adrenaline cause a rise in blood pressure 
and in increase in blood flow through the carotid body. Lowering the blood 
pressure by bleeding the animal causes a reduction in blood flow which stops 
at a pressure of 40-50 mm Hg. Occlusion of the common carotid artery causes 
a reduction in carotid body blood flow by lowering the intrasinusal pressure. 

3. Electrical stimulation of the cephalic end of the cervical sympathetic 
nerve causes @ reduction in carotid body blood flow without change in blood 


pressure. 

4. At normal arterial blood pressure levels, no significant arteriovenous 
oxygen difference across the carotid body can be detected. This is probably 
related to the high rate of blood flow per unit weight of tissue through this 
structure. When the blood flow is reduced to about 9 mm*/min by lowering 
the blood pressure, an arteriovenous oxygen difference of 2 ml./100 ml. 
becomes apparent. This indicates an appreciable metabolic use of oxygen by 
the carotid body. Evidence is presented which suggests that the carotid body 
can be stimulated by intrinsic anoxaemia in the presence of a normal arterial 
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THE CARBON DIOXIDE STIMULUS TO BREATHING 
IN SEVERE EXERCISE 


By R. G. BANNISTER, D. J. C. CUNNINGHAM anp C. G. DOUGLAS 
From the Laboratory of Physiology, University of Oxford 
(Received 22 December 1953) 


There has been much speculation for a long time as to the causes of the 
increased breathing during exercise. In 1905, Haldane & Priestley put forward 
the theory that it was due to a slight increase in the alveolar CO, tension 
(pCO,) and therefore of the arterial pCO,, just as similar increases in alveolar 
pCO, induced by CO, inhalation at rest produced hyperpnoea. Further work 
showed that whatever might be true for mild exercise, as the work became 
harder the increase in pCO, was certainly insufficient to account for the 
hyperpnoea, and it was clear that some additional factors must come into play. 
The theory that hydrogen-ion concentration rather than CO, as such was the 
stimulus to respiration was more satisfactory since it was known that severe 
exercise was associated with the accumulation of an excess of lactic acid in 
the body. Since then, this view has been challenged by many physiologists, 
and at present there is no agreement as to the main causes of the hyperpnoea. 
In view of this uncertainty we decided to re-investigate the changes in alveolar 
CO, during heavy exercise, together with some factors which might modify 
the response of the respiratory centre to CO,. The current views are partly 
based on the contention of Krogh & Lindhard (1913c, 1917) that the directly 
measured alveolar gas tensions do not reflect the gas tensions in the arterial 
blood during exercise. It is therefore important to the argument presented in 
this paper that the old controversy between the Danish and Oxford schools of 
physiology should be re-examined in the light of recent evidence on the 
alveolar air—arterial blood gas relationships. The arguments used to justify the 
use of the directly measured alveolar pCO, as a guide to the arterial pCO, in 
exercise are long and intricate and are therefore presented in an appendix to 
this paper. The conclusions reached are summarized in the main text. 


METHODS 
Alveolar air. At rest, alveolar air samples were taken by the Haldane—Priestley method. The 
values presented in this paper were the means of end-inspiratory and end-expiratory samples. 
Automatic alveolar air samples. In exercise, a modification of the method described by Lindhard 
(1911), and modified by Rahn & Otis (1949), was used (Fig. 1). In this method the last few c.c. of 
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each expiration are sampled automatically. The alveolar air was withdrawn continuously at a rate 
of about 200 o.c./min. It passed from a distribution tap to a sampling tube, to the filter pump 
and manometer, or to the capillary CO, meter. 

Calibration of automatic sampling method during hyperpnoea. In two experiments, during which 
the subject inspired 6-1 and 7-2% CO, in air, six comparisons were made between automatic and 
Haldane-Priestley samples. The inspired air tube was clamped close to the inspiratory valve to 
prevent leakage through the valve while the sampling tube filled. The methods agreed to within 
0-5 mm Hg CO, tension in all instances. Random differences of similar magnitude were obtained 
when the methods were compared during severe exercise. 


Rahn-Otis sampler 1001. Douglas Bag 


Fig. 1. Apparatus.used in exercise experiments. For description, see text. 


Respiratory valves. It was found that with pulmonary ventilations of 120 1./min (b.t.p.s.) the 
resistance of the conventional Douglas valves imposed a severe strain on the subject. The insertion 
of a partition between inspiratory and expiratory valves (von Débeln, 1949) produced no improve- 
ment. New low-resistance valves (Bannister & Cormack, 1954) were therefore designed which 
presented no sudden changes of direction to the flow of air. During standard severe exercise which 
could not be maintained for more than 9 min without the valves, the breaking point was reached 
only 1 min earlier when they were worn. 

Carbon dioxide meter. In the later experiments the alveolar pCO, was measured with a capillary 
CO, meter (Grove-White & Sander, unpublished; Davidson, Hempleman & Trotter, 1951). It 
required a gas flow of about 80 c.c./min. It was calibrated frequently during each experiment by 
analysing in the Haldane apparatus samples of the gas flowing into it. It was found to be accurate 
to about 0-1% CO,. 

Body temperature. In some experiments the rectal temperature was measured thermoelectrically. 
The thermocouple was calibrated against a standard thermometer before each experiment. 

Blood lactate. The lactate content of 0-05 ml. capillary blood was estimated by the method of 
Barker & Summerson (1941), as modified by Strém (1949). Before taking a blood sample during 
exercise the subject’s finger was wiped carefully to remove sweat. Calibration curves for freshly 
made up lithium lactate solutions were plotted on each occasion. At the higher values the curves 
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showed some divergence from day to day. The errors were of the order of 5 % of the concentration 
measured. 

Preparation and supply of gas mixtures other than air. Inspired gas mixtures other than atmo- 

spheric air were supplied to the subject by the method illustrated in Fig. 1. Air and oxygen, or 
oxygen and nitrogen were passed simultaneously through rotameters calibrated for these gases. 
Air was supplied from a large electric blower, the fine adjustment of flow being obtained with 
a controlled air leak. Oxygen and nitrogen were supplied direct from high pressure gas cylinders 
and flow was regulated by the needle valve on the reducing valve. The three rotameters delivered 
into a wide tube which passed through a hole in the bottom of an old 601. Douglas bag. This 
served as a reservoir and mixing chamber. It was suspended vertically by its neck and was never 
allowed to become more than two-thirds full, so that the pressure on the inspiratory side of the 
apparatus never rose. The neck of the bag opened into a wide bore T-piece which was connected 
to the inspiratory valve. The other limb of the T-piece led to a 5 1. anaesthetic bag which acted as 
a supplementary low-resistance reservoir for the inspired gas. Tubing of 1 in. internal diameter 
was used in these connexions, 
100 1. bags. The bags were connected to the expired air tube only a few seconds before an actual 
determination and were disconnected immediately afterwards, since the three-way taps, when 
open to the atmosphere, presented a considerable resistance to flow at the rates found, owing to 
their right angle bend and small lateral orifice. Their resistance was less when the tap was turned 
to the inside of the bag. 

Respiratory rate. The respiratory rate remained constant in nearly all experiments. It was 
always a submultiple of the number of strides per minute. The latter was kept constant for any 
one subject by setting a metronome to keep pace with his strides at the beginning of a run and 
asking him to keep pace with it for the duration of the exercise. This he nearly always managed 
to do without difficulty. The submultiple of the stride rate was determined by observation. 

Exercise. The subjects ran on a motor-driven treadmill. The platform was 4 ft. 6 in. long. The 
speed in all experiments was about 6-25 m.p.h. and was measured exactly on all occasions. The 
intensity of the work was varied by changing the gradient between level and 1 in 64. The subjects 
ran in plimsoles and light cotton shorts, with or without thin singlets. Changes of body tempera- 
ture were kept within bounds by directing a current of air from a powerful electric fan on to the 
subject. 

Subjects. Details of the four subjects are shown in Table 1. 


TaBz 1. Subjects for experiments 
Maximal exercise maintained for 6-8 min 


Oxygen 
consump- Vertical 
tion Speed work Athletic ability or 
Subject Age Wt. (Ib.) (c.c./min) Gradient (m.p.h.) (kg m/min) occupation 

R.G.B. 22 154 4600 lin 7 1650 International standard 
miler 

D.JI.CC. 30 140 3200 linlO 6} 1046 Healthy university 
demonstrator 

N.D.McW. 25 152 4000 lin 8 6} 1430 International standard 
sprinter 

P.J.P. 36 149 2900 linlé 6} 700 Healthy laboratory 

technician 


Procedure in exercise experiments. Before each experiment the exercise valves were checked 
and assembled, and the Douglas bags were washed out with expired air. The subject gave two 
resting Haldane—Priestley alveolar air samples and capillary blood was withdrawn for determina- 
tion of lactate. The subject was instructed to signal the moment he became aware of any major 
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change in the breathing and then to run until exhausted or until told to stop. During the first 
2 min of the run the treadmill speed was adjusted accurately, and in long experiments was checked 
later from time to time. The alveolar pCO, was followed by means of the CO, meter, and from time 
to time alveolar air was drawn into sampling tubes for subsequent analysis. From the beginning 
of the third minute samples were taken in the order: capillary blood, alveolar air, and expired air. 
A complete cycle took, on an average, 2 min, and when the exercise was maximal as many cycles 
as possible were fitted into the period of the run. With lighter grades of work, the cycles were less 
frequent in the later stages. At the end of the exercise and at intervals afterwards, capillary blood 
was withdrawn for estimation of lactate. The subject sat until obvious panting had stopped and 
then gave Haldane~—Priestley alveolar air samples at intervals of about 2 min. Their CO, content 
was measured with the meter; this was calibrated by analysis of the first and last alveolar air 
samples in the Haldane apparatus. The course of a typical experiment is shown in Fig. 2. 
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Fig. 2. Exercise experiment. Subject, R.G.B. Speed, 6} m.p.h., gradient, 1 in 7. Inspired gas, 
atmospheric air. +——-+, oxygen consumption, c.c./min at s.t.p.; @——@, CO, output, 
c.c./min at s.t.p. Exercise from 0 min to 8 min 45 sec, as indicated by the heavy horizontal 
line. 


Procedure during CO, breathing experiments. The conduct of these experiments was based on 
those of Campbell, Douglas & Hobson (1914). Mixtures of CO, in air, made up with rotameters, 
were stored in 500 and 1000 1. bags. The subject reclined in a deck chair and, after period of 
preliminary rest, breathed the mixture for about 20 min. He then gave a Haldane-—Priestley 
alveolar air sample (end-expiration). His expired air was then collected in a bag for measurement 
of minute volume and CO, content. The number of breaths required to fill the bag was counted. 
During this period the inspired air was sampled. After the bag was disconnected the subject gave 
an end-inspiratory Haldane—Priestley alveolar air sample. This cycle of events was repeated 
several times. The ‘physiological’ dead space of the respiratory tract was calculated from the data 
obtained, 
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RESULTS 

Changes in the pulmonary ventilation in response to the inhalation of CO,-air 
miatures at rest. Addition of CO, to the inspired air at rest produced the 
expected changes in pulmonary ventilation in the subjects R.G.B. and 
D.J.C.C. In Fig. 3 the pulmonary ventilation is plotted against the rise of 
alveolar pCO, for these subjects. 

The ‘ physiological’ dead space during CO, hyperpnoea at rest. The ‘physio- 
logical’ dead space for CO, was calculated from the data obtained during the 
experiments on CO, breathing at rest. The dead space is plotted against the 
tidal volume in Fig. 4. The lines in this show the relationship between these 
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Fig. 3. The pulmonary ventilation and the increase of alveolar pCO, above the previous resting 
level. Subjects, R.G.B. and D.J.C.C. Speed in all exercise experiments, 6} m.p.h. The figures 
opposite the exercise points indicate the gradient of the treadmill. @——@®, during exercise, 
breathing atmospheric air; O-----O, during exercise, breathing 66% or 100% 04; x......X, 
sitting at rest, breathing CO,-air mixtures. 

variables reported in similar experiments by Campbell ef al, (1914), by 

Haldane (1915) during voluntary increases in the depth of the breathing at 

rest and by Cooper, Emmel, Kough & Lambertsen (1953) during CO, breathing 

at rest. Cooper et al. calculated the dead space from the Bohr formula, using 
the arterial instead of the alveolar pCO,. Calculations by us from the data of 

Houston & Riley (1947) of the dead space during the hyperpnoea at rest of 

men acclimatized to high altitudes and based, like those of Cooper et al. on the 

arterial rather than the alveolar pCO, showed average increases of the same 
magnitude. Our experimental results agree with those of the other workers 
in showing a considerable increase in the size of the ‘ physiological’ dead space 
for CO, at rest when the tidal volume is increased. R.G.B.’s dead space 
increased threefold when the tidal volume rose from 400 to 1600 o.c. 
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. The alveolar pCO, and pulmonary ventilation in exercise. The alveolar pco, 
recorded by means of automatic samples, together with the pulmonary ventila- 
tion, respiratory exchange and blood lactate during a typical experiment on 
severe exercise are plotted in Fig. 2. The alveolar pCO, during five experiments 
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Volume of breath at 37°C (c.c.) 
Fig. 4. The ‘ physiological’ dead space at rest. (1) Atmospheric air breathed; tidal volume altered 


by voluntary variations in respiratory rate; ——, data of Haldane (1915). (2) Inhalation of 
CO,-air mixtures at rest; x——x, R.G.B.; O—O, DJ.C.C.;.-+--+, data on C.G.D. 
(Campbell et al. 1914); — ---- , mean for eight subjects, based on arterial pCO, (Cooper e¢ al. 
1953). 


TaBiE 2, Alveolar pCO,, blood lactate and duration of exercise in five identical experiments 
on R.G.B. Speed 6} m.p.h., gradient 1 in 7 


Alveolar pCo, (mm Hg) 


Work 

: Time after start (min) Time of Blood lactate 

Rest A stop after stop 

(sitting) 3-4 5-6-5 6-75-8-0 min sec (mg/100 ml.) 
40-1 46-4 46-4 8 10 
39-5 46-2 44-8 _ 8 50 90 
38-5 45-3 8 16 96 
38-7 42-9 44-9 44-9 8 10 81 
39-1 44-5 44-8 44-3 9 45 91 


on the same subject and at the same intensity of exercise are shown in Table 2. 
The variation between experiments was small. The mean rise of alveolar pCO, 
of two subjects during work of varying intensities on a number of occasions are 
plotted against the pulmonary ventilation in Fig. 3. The results of the experi- 
ments on CO, hyperpnoea at rest are included for comparison. In all the 
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exercise experiments the alveolar pCO, rose above the sitting resting values 
obtained before exercise. When the exercise was severe enough to produce 
a considerable accumulation of lactate the rise of pCO, was small and bore no 
simple relation to the pulmonary ventilation. When the exercise and the 
lactate production were maximal and the subject: was near his breaking point, 
the alveolar pCO, showed a further increase. The figure shows that the 
pulmonary ventilation increased considerably more for a given rise of alveolar 
pCO, in exercise than during CO, inhalation at rest. 
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Volume of breath at 37°C (c.c.) 

Fig. 5. The ‘physiological’ dead space during exercise. x—x, R.G.B.; O—O, DJ.C.C.; 
oeeee , R.G.B.’s dead space at rest during CO, inhalation (data from Fig. 4); @, a single 
point in exercise based on the arterial pCO, (Riley, personal communication). 


The ‘physiological’ dead space for CO, during the hyperpnoea of exercise. The 
“physiological’ dead space for CO, during exercise was calculated from the 
data described in the previous section. The values obtained are plotted against 
the tidal volume in Fig. 5. The figure also shows a line which represents the 
relationship found for these variables during CO, breathing at rest, and already 
presented in Fig. 4. It is clear that the dead space for CO, increases consider- 
ably during exercise, just as it does during the hyperpnoea of CO, breathing at 
rest. A single determination of the dead space in exercise by Riley (personal 
communication) is also shown in the figure. In his experiment, which was 
representative of many others, the dead space was calculated from the arterial 
instead of the alveolar pCO,, and, like ours, is considerably larger than the 
dead space during quiet breathing at rest, though the increase is not quite so 
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great. We have calculated from the data of Houston & Riley (1947) that. the 
‘physiological’ dead space in exercise, based on the arterial pCO,, also shows 
an increase of the same order as that found in our subjects. 

The alveolar pCO, after exercise. In order to provide an indication of the 
threshold to CO, during exercise, the minimum alveolar pCO, during the 
_ recovery period afterwards was recorded by means of the CO, meter. The 
alveolar pCO, fell to between 29-5 and 36 mm in all experiments, but there 
was wide variation in the times at which this occurred. An attempt was made 
to follow two of the factors which might be responsible for this depression, 
namely, the rise in body temperature and the accumulation of lactate. 

In the most severe exercise the highest rectal temperature of about 39° C 
was recorded after the end of the run. In more prolonged and less severe 
experiments the rectal temperature was in the region of 39° C after about 10 min 
and then remained steady at a slightly lower level until the end of the exercise. 
During the subsequent rest it fell gradually and returned to normal in about 
half an hour. The rate of fall of temperature seemed to be slower following work 
of longer duration. The minimum alveolar pCO, occurred some time after the 
stop when the body temperature had already fallen considerably. 

In another series of experiments, in which the body temperature was not 
measured, the alveolar pCO, and the blood lactate concentration were recorded 
after work of varying severity and duration. The results are shown in Table 3. 


TaBLE 3. Minimum alveolar pCO, after exercise of varying duration and severity. 
Speed in all experiments: 6} m.p.h. 


Alveolar pCO, at Blood lactate (mg %) 
rest (mm Hg) Time A 
after At time of 
Duration of Minimum of minimum 
exercise Before after exercise At end of alveolar 
Subject Gradient min sec exercise exercise (min) exercise poco, 
R.G.B. lin 12 45 0 38-0 36-0 10 18 <l4 
1 in 10 41 40 38-3 31-0 20 26 <26 
lin? 8 45 39-2 35-6 11 80 54 
lin7 8 10 38-7 35-1 8 80 72 
*lin7 15 17 40-1 30-5 5 60 49 
*lin7 20 40 39-2 29-5 20 42 22 
DJC.C. lin 16 21 42 40-9 34-5 12 50 <37 
1 in 12 13 15 40-3 34-0 12 125 95 
1 in 10 8 37 
lin 10 8 34 40- , 
*1 in 10 ll 20 40-4 34-5 20 150 <140 
*l in 10 20 45 41:3 32-5 16 100 27 
*1 in 10 24 48 40-9 30-0 10 100 62 
lin7 2 31 42-0 33-2 18 50 130 


id Denotes oxygen added to inspired air. 


There are not enough figures for definite conclusions to be drawn, but certain 
trends are apparent. At a single intensity of work it seems that the depression 


of the alveolar pCO, may have been related to the duration of the exercise 
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rather than to the blood lactate concentration. This may have been an effect 
of changes of body temperature. The magnitude of the depression appeared 
to be related to the blood lactate only in the three experiments on R. G. B. 
which lasted for more than 20 min, but even in these the body temperatures 
may not have been identical. However, in D.J.C.C. the duration of the 
depression appeared to be proportional to the accumulation of lactate. The 
time when the minimum alveolar pCO, occurred varied greatly. There was no 
obvious explanation for this. 

The effects on the alveolar pCO, of inspiring 66% O, in N, during exercise. 
In experiments to be described in the following paper (Bannister & Cunning- 
ham, 1954) the subjects inspired 66° O, in N, during the exercise. The body 
temperature and blood lactate during the subsequent rest were followed in 
some of these experiments. Amongst other effects, the pulmonary ventilation 
was reduced when the work was of considerable severity and the alveolar 
pCO, rose to higher levels than those recorded when the subjects breathed 
atmospheric air. This finding is illustrated in Fig. 3. In the subject N. D. McW. 
it rose to the unusual value of 55 mm Hg. Three readings of 50 mm or more 
were recorded in the case of R. G. B. Values up to 48 mm were found with the 
other two subjects. 

The onset of the hyperpnoea. In several experiments our subjects were aware 
of a relatively small increase in the ventilation right at the start of the exercise. 
Between 45 and 60 sec later, a sudden increase to a much higher level was 
apparent. It was not measured, but the subject signalled when he noticed the 
onset of this secondary rise. It usually occurred over the space of about half 
a dozen respiratory cycles. It corresponded in time to rapid changes in the 
alveolar pCO, as measured by the CO, meter. Cunningham & Douglas 
(unpublished) have observed that the lactate in capillary blood shaws no 
change until 45-60 sec after the start of work, when, if the exercise is of 
sufficient severity, it starts to increase rapidly. These findings are in agreement 
with those of Hickam, Pryor, Page & Atwell (1951). 


DISCUSSION 


In these experiments the alveolar gas tensions were measured on the grounds 
that they indicated the arterial gas tensions, particularly that of CO,. Similar 
measurements have frequently been made in the past, but there are few 
reports of experiments on sustained exercise of the severity performed by our 
subjects. 

The values reported here, like the earlier determinations, are open to the 
criticism that they may differ by a considerable margin from the arterial gas 
tensions. Some justification for their continued use must therefore be given. 
There have been comparatively few direct comparisons of the arterial and 


= 
2, 
| 
a 
| 


ALVEOLAR CO, AND EXERCISE 99 


alveolar gas tensions in exercise (Dill, Lawrence, Hurxthal & Bock, 1927; Dill, - 
Edwards, Félling, Oberg, Pappenheimer & Talbott, 1931; Riley, Lilienthal, 
Proemmel & Franke, 1946; Galdston & Wollack, 1947; Suskind, Bruce, 
McDowell, Yu & Lovejoy, 1950). Only one series was performed during 
exercise of any severity. The results are conflicting and will be considered in 
an appendix to this paper. An indirect approach must therefore be attempted. 

The size of the respiratory dead space is crucial to the problem since it is 
closely connected by the Bohr formula with the alveolar gas tensions. It is 
well known that the ‘physiological’ dead space, calculated from the alveolar 
gas tensions, when these are measured directly, increases considerably during 
exercise. However, Krogh & Lindhard (1913a, 1917) measured it by an 
independent method and found that it changed very little. The calculated 
alveolar gas tensions which resulted from their values for the dead space were 
practically the same as those prevailing during rest. They concluded that the 
directly measured alveolar gas tensions, on which the large dead spaces were 
based, differed considerably from the arterial gas tensions, and that changes 
of arterial pCO, were quite insufficient to account for the hyperpnoea of 
exercise and played only a minor part in its production. This view is now 
widely accepted (Nielsen, 1936; Comroe, 1944; Gray, 1950). However, Haldane 
& Priestley (1935a) believed that the dead space, when measured by this 
independent method, was not applicable to the problem of the alveolar and 
arterial tensions of the physiologically active gases. 

There are now sufficient experimental data for a tentative choice to be made 
between these divergent points of view. The argument is long and complex 
and has therefore been presented in an appendix to this paper. The conclusion 
is reached that the only way to settle the matter finally is to make direct 
comparisons between the arterial blood gas tensions and those of the alveolar 
air sampled by the different methods. This has been done at rest, but not to 
any extent during exercise. There are at least three different concepts of the 
alveolar air and the dead space. They are all correct in themselves and when 
applied to the appropriate problems. The method of sampling which probably 
reflects most closely the arterial blood gas tensions at rest and the arterial 
pCO, in exercise is that of Haldane & Priestley (1905) or some other method 
based on the same principle. The ‘alveolar expired air’ of Krogh & Lindhard 
(1913, 1917) is probably misleading when applied to the problem of respiratory 
control. 

The contribution of change in arterial pCO, to the hyperpnoea of exercise. Of 
recent years most writers on this subject have been sceptical about the part 
played by changes in arterial pCO, in the production of exercise hyperpnoea, 
in particular because it was thought that the directly determined values for 
alveolar pCO, were too high and that the indirect method of Krogh & Lindhard 


gave more reliable results. For example, Comroe (1944) thought that such 
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changes in pCO,, if present at all, were too small to be of much significance. 
The demonstration by Barcroft & Margaria (1931) that the minute volume 
during exercise might be nearly twice that found when breathing high con- 
centrations of CO, supported this view. This opinion is widely held (Pitts, 1949; 
Gray, 1950) and has resulted in a search for the ‘missing factor’. Some years 
ago it seemed likely that afferent impulses from the working limbs (Harrison, 
Calhoun & Harrison, 1932; Comroe & Schmidt, 1943; Asmussen, Christensen 
& Nielsen, 1943) or impulses from the cerebral cortex (Krogh & Lindhard, 
19136; Nielsen, 1936) might be important. However, even the most extensive 
and rapid passive movements gave only small changes of minute volume. 
Even when the slight acapnia which resulted from the hyperpnoea was partially 
corrected by the inhalation of CO,, only two- or three-fold increases were 
obtained, as compared with the 20-fold increases recorded in maximal work 
(Bahnson, Horvath & Comroe, 1949; Otis, 1949). However, for the reasons out- 
lined in the preceding section, we think that the rise of alveolar pCO, during 
exercise at the intensities studied indicates that a comparable rise of pCO, 
occurred in the arterial blood (Fig. 3). Lilienthal, Riley, Proemmel & Franke 
(1946) measured thearterial pCO, bya direct method before and during exercise. 
In moderate exercise they found an average increase of about 3 mm when the 
pulmonary ventilation was about 30 1./min. In one subject doing work which 
was almost as severe as that done by our subject D.J.C.C., the arterial pCO, 
was 3mm above its resting value when the ventilation was 57 1./min. The 
increase is slightly greater than that found by us. Suskind e¢ al. (1950) found 
an increase of 5 mm in the arterial pCO, above the standing resting level after 
4 min of very light work. The pulmonary ventilation was increased to 11 1./min. 
Hickam et al. (1951) observed an increase from 43-3 at rest to 48-2 and 
47-6 mm during the fourth and ninth minutes of exercise respectively, when 
their eleven untrained subjects performed fairly hard work on a treadmill. 
These increases were not quite significant and varied considerably from one 
individual to the next. The arterial pH was decreased. Morgan & Grodins (1950) 
and Grodins & Morgan (1950) working on anaesthetized dogs whose hind limbs 
were stimulated electrically, found no significant change in the arterial pCO, 
or pH when the steady state was reached except in acutely spinal animals. 
Their experiments are open to four main criticisms: 

(1) Grodins (1950), when commenting on the experiments of Asmussen 
et al. (1943), postulated the existence of muscle receptors which respond only 
to abnormal concentrations of anaerobic products. These might well be 
activated by direct electrical stimulation. 

(2) It is well known that in anaesthetized animals at rest anoxic stimulation 
of the carotid body contributes to the maintenance of respiration. This would 
be at least as important in exercise, but Morgan & Grodins have not con- 

sidered it as a possible factor. 
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(3) Anaesthetics depress the respiratory response to OO, (von Kuler & 
Séderberg, 1952). 

(4) Animals suffering from spinal shock are not good preparations for the 
investigation of the magnitude of normal responses. In the circumstances 
their experiments cast little light on the occurrences in unanaesthetized 
exercising human subjects. 7 

Asmussen & Nielsen (1946) reported a rise of alveolar pCO, which was smaller 
than that recorded here. Their measurements were based on the use of a 
nearly constant dead space and so would underestimate the change. They also 
demonstrated a fall in alveolar pCO, when the exercise became severe and 
when atmospheric air was inspired. We found a relative depression under 
comparable conditions, but when the intensity of work was increased to 
maximum values the alveolar pCO, showed a further increase. Asmussen & 
Nielsen attributed the fall in alveolar pCO, to the release of a hypothetical 
respiratory stimulant which they said was produced by ischaemic muscles 
and which was not lactic acid. We agree that another factor related to want 
of oxygen, which is not lactate accumulation, contributes to the hyperpnoea 
of heavy exercise, but we regard their evidence for a specific respiratory 
stimulant as inconclusive. This point is discussed more fully in a subsequent 
paper (Bannister & Cunningham, 1954). 

However, even during less severe exercise, in which lactate was produced 
in small amounts only, the increase in alveolar pCO, from its resting value 
was considerably less than that required to produce similar changes in 
pulmonary ventilation during CO, breathing at rest. There are three possible 
explanations for this: (1) the sensitivity of the respiratory centre to changes 
of alveolar pCO, (i.e. the response per unit change of stimulus) was increased 
several fold (2) the threshold to the CO, stimulus was lowered, or (3) CO, was 
not a factor in the exercise hyperpnoea. Different meanings have been 
attributed to the word ‘threshold’. Nielsen (1936) determined the ventilatory 
response to changes of alveolar pCO, during CO, inhalation under a variety 
of circumstances. The response curves were extrapolated back to zero ventila- 
tion and the corresponding values of pCO, were taken as the ‘thresholds’. 
They are the apnoea points of other workers. For many years in this labora- 
tory ‘threshold’ has meant the level of alveolar pCO, which would exist during 
natural breathing at rest, and corresponds approximately to Nielsen’s 100% 
pCO, stimulus at rest. For the present purpose the argument is the same 
whichever meaning is intended. 

Factors which might lower the ‘threshold’ or alter the sensitivity to CO, in 
exercise may be of two classes, those which act only for the duration of the 
exercise and those which persist for some time afterwards. The first group 
includes nervous influences such as reflexes from muscles and joints and, in 
severe exercise, the direct or indirect effects of oxygen lack. In heavy exercise 
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nervous influences can be assessed only indirectly as it is impossible 
either to imitate passively the movements of running uphill or to abolish 
the afferent pathways in man. The effects of want of oxygen may be 
abolished by allowing the subject to breathe air enriched with oxygen. 
Asmussen & Nielsen (1946) showed that this procedure during heavy work 
reduced the pulmonary ventilation and allowed the alveolar pCO, to rise to 
higher levels. Our findings are in agreement with this. When the results of 
the exercise experiments in which 66% oxygen was inhaled are substituted in 
Fig. 3 for the results of the air breathing experiments, the slope of the curve 
relating ventilation to change of alveolar pCO, approaches that of the CO, 
sensitivity curve at rest. However, the difference is still large and requires 
further discussion. 

The factors which persist for some time after exercise include changes in 
the body temperature and in blood lactate. Haldane (1905) showed that the 
pulmonary ventilation at rest was increased and the alveolar pCO, lowered 
by rises of body temperature. Bazett & J. B. 8. Haldane (1921), Bazett (1924) 
and Landis, Long, Dunn, Jackson & Meyer (1926) showed that subjects 
immersed in baths hot enough to cause a rise of rectal temperature experienced 
a considerable hyperpnoea and their alveolar pCO, fell to low levels. They 
attributed this in part to temperature reflexes from the skin. Data on this 
point are scarce, but it is reasonable to suppose that the threshold to CO, is 
lowered when the body temperature rises; if the alveolar pCO, were suddenly 
raised to normal levels by the addition of CO, to the inspired air, severe 
panting would result. Christensen (1931) and Asmussen & Nielsen (1947) have 
reported substantial increases in rectal temperature during exercise, compared 
with which our figures are rather low. 

Temperature change as a major factor in the production of exercise hyper- 
pnoea was doubted by Comroe (1944) on the grounds that it took place too 
slowly. We would agree that the rise in body temperature is too slow to act as 
@ primary stimulus, but from the results presented here, together with the 
data of Haldane (1905) and of Landis e¢ al. (1926), it seems likely that this 
rise will have become sufficient to depress considerably the threshold to CO, 
10 min after the start of the exercise. Most of the determinations of alveolar 
pCO, during exercise have been made more than 5 min after the start in order 
to ensure steady state conditions, and it is generally believed that measure- 
ments earlier than this are of doubtful value. The original determinations of 
alveolar pCO, by Haldane & Priestley (1905) and by Douglas & Haldane (1912) 
were made within 5 or 6 min of the start; so also were the measurements of 
arterial pCO, by Lilienthal et al. (1946) and by Suskind e¢ al. (1950). In the 
experiments on light and moderate work reported by these investigators, 
lactate production was probably minimal and changes of body temperature 
were slight at the time when the measurements were made. The threshold for 
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CO, would therefore be almost unaltered, and it is significant that the rise of 
alveolar pCO, reported by Haldane & Priestley and Douglas & Haldane and 
of arterial pCO, by Lilienthal et al. and by Suskind et al. above the previous 
resting level went a long way towards explaining the observed hyperpnoea on 
the CO,-H ion theory of breathing. However, in the experiments on heavy 
exercise which they reported the relationship no longer held, since enough 
time had elapsed for a considerable amount of lactate to accumulate. 

The relationship between the alveolar pCO, during recovery after heavy 
work and the blood lactate concentration was recognized long ago (Christiansen, 
Douglas & Haldane, 1914; Hill, Long & Lupton, 1924). The depression of 
alveolar pCO, which we observed was similar to that found by Christiansen 
et al. but smaller since our exercise was more prolonged and the lactate changes 
less acute. In some of our experiments changes of body temperature may have 
been greater. Dill e¢ al. (1927) found that the arterial pCO, , measured directly, 
dropped abruptly after exercise to about 10 mm below the value obtained 
during the work. They did not account for this. Barr & Himwich (1923) 
and Hickam et al, (1951) made similar observations on the arterial pCO,. 
J. B. 8. Haldane, Linder, Hilton & Fraser (1928) and Nielsen (1936) have 
shown that comparable reductions in the alveolar pCO, occur at rest during 
NH,Cl acidosis. In our exercising subjects the blood lactate increased to 
10 or 15 times the resting values and the pH changes in the venous blood 
(Bannister, 1952) were of the same order as those produced by Nielsen. Our 
experiments were not designed to separate the effects of changes of tempera- 
ture and lactate but merely to show that they were sufficient to account 
for the depression of the alveolar pCO,. When it reached its lowest value the 
lactate and temperature disturbances had already subsided considerably. 

The conventional point from which to assess the stimulus due to changes of 
pCO, in exercise is the alveolar pCO, measured during the preliminary rest. 
However, a more reasonable figure would be the minimum value of the alveolar 
pCO, after exercise. This concept is illustrated in Fig. 6. The dotted line shows 
the course of the alveolar pCO, which would be expected from the CO, theory 
of breathing if there were no change in threshold, i.e. if no other factor 
participated in the response. The observed change in ventilation should be 
produced by the large increment X in the alveolar pCO,. Such an increase would 
result from the inhalation of 6-5 or 7% CO, at rest, a concentration usually 
regarded as unphysiological. It is found experimentally that the alveolar 
pCO, undergoes only a trifling rise, Y, which is quite insufficient to account 
for the increase in ventilation. After exercise the alveolar pCO, falls to levels 
well below the previous resting value. Evidently a degree of hyperpnoea 
persists for some time afterwards, probably as a result of the continued 
‘influence of the excess lactate and the higher body temperature which 
developed during the work. In other words, the threshold for the CO, stimulus 
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to the respiratory centre has fallen below the normal level because other 
stimuli are operative in addition. Such a reduction of threshold must operate 
during the exercise since the lactate and temperature disturbances are the 
result of the exercise and are more severe during it. If during the depression, 
CO, were added to the inspired air to bring the alveolar CO, back to the 
normal resting, or even to the exercise value, a large hyperpnoea should 
result. In preliminary experiments of this type, enough CO, was inhaled 
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Fig. 6. Diagrammatic representation of the course taken by the alveolar pCO, before, during and 
after severe exercise. ...... , course predicted on CO, theory of breathing; ——, observed 
course. X, change of pCO, required by CO,'theory of breathing; Y, observed change of pCO, 
from previous resting value; Z, change of pCO, above post-exercise minimum value. For 
explanation, see text. 


during the recovery period to raise the alveolar pCO, to the level found during 
the preceding exercise. The resulting ventilations were very much greater 
than those produced by the inhalation of the same CO,-air mixtures before the 
exercise. They were, in fact, almost comparable to those recorded during the 
exercise (Fig. 7). If we wish to relate the change in ventilation to the alteration 
of alveolar pCO, it would be more rational to estimate the latter, not by com- 
parison with the normal resting level, but with the minimum value which 
occurs after the exercise. Account is thus taken of the lowered threshold to 
CO, which is clearly present at the time when the minimum pCO, during 
recovery is recorded and which must also have been operative during the 
preceding exercise. On this basis the true pCO, stimulus would be Z in Fig. 6. 
Even this may be an underestimate since some lactate is eliminated and the 
temperature begins to fall during the few minutes intervening between the end 
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of the exercise and the time when the alveolar pCO, reaches its lowest level. 
The erect posture during the work might depress the threshold further as it 
does at rest (e.g. Suskind et al. 1950). This factor has not been included in our 
assessments of the pCO, stimulus. 
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Fig. 7a. Effect of inhalation of CO, before and after severe exercise. Subject, R.G.B. Two experi- 
ments at the same intensity of exercise (64 m.p.h. up a gradient of 1 in 7). - -- - - , control 


experiment, during which air was breathed during rest and recovery, and 66% O, during 
exercise. ——, test experiment, during which air, then 5-55 % CO, was breathed atrest ; 66% O, 
during exercise; during recovery, air was breathed for the first minute, followed by 4-95% 
CO, until the end of the 5th minute, followed by 5-55 % CO, for the remainder of the experi- 
ment. ©, +, alveolar pCO, by Haldane—Priestley method during the control and the test ex- 
periments respectively. All other pCO, values by the Rahn—Otis method. In both experiments, 
the blood lactate concentration at the end of exercise was between 25 and 30 mg/100 ml. 
Note that the respiratory response to 5-55% CO, was greater after exercise than before it. 
This did not approach the exercise value since the inspired CO, concentration was insufficient 
to raise the alveolar pCO, during recovery to the exercise level. 

Fig. 8 shows the relationship between the pulmonary ventilation and the 
pCO, stimulus calculated in this way. The dotted line is the curve obtained at 
rest when breathing various concentrations of CO, in air. The full lines join 
the points obtained during air-breathing experiments, and the dashed lines 
those which resulted when 66°% oxygen was inhaled during the exercise. In 
the latter experiments any possible interference from arterial anoxaemia was 
avoided. From this it will be seen that the ventilation and the alveolar pCo, 
in exercise are related in a manner not unlike that found during CO, inhalation 
at rest. 
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Itis beyond the scope of this paper to suggest how pCO, and pH changes inter- 
act in their effects on the breathing. The acidosis resulting from the presence of 
an excess of circulating lactate would add to the hyperpnoea which resulted from 
the CO, stimulus. On the CO,-H ion theory they are merely different aspects of 
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Fig. 76. Effect of inhalation of CO, before and after severe exercise. Subject, D.J.C.C. Two 
experiments at the same intensity of exercise (64 m.p.h. up a gradient of 1 in 11). ----—-, 
control experiment, during which air was breathed during rest and recovery, and 66% O, 
during exercise. ———, test experiment, during which air, then 5-35% CO, was breathed at 
rest; 66% O, during exercise; during recovery, air was breathed for the first minute, followed 
by 485% CO, until the end of the 6th minute and 5-35% CO, for the remainder of the 
experiment. ©, individual points for alveolar pCO, by Haldane—Priestley method at rest 
breathing air. During CO, breathing and exercise, pCO, by Rahn—Otis method. ...... , 
recovery period during @ preliminary experiment at the same intensity of work. pCO, by 
Rahn-Otis method throughout. Air breathed for first 14 min of recovery, 5-35% CO, from 
15th to 23rd minute and air from 24th minute onwards. Ventilation measured only during 
CO, breathing in this experiment. In all experiments, the blood lactate concentration was 
between 70 and 85 mg/100 ml. at the end of exercise. Note that 6 min after the exercise, 
raising the alveolar pCO, almost to its exercise level resulted in a pulmonary ventilation at 
rest almost as great as was found in exercise, in contrast to the small response to the same 
alveolar pCO, before exercise. This augmentation of the response decreased rapidly. 


the same stimulus, We have deliberately omitted any discussion of the effect and 
nature of the stimulus arising from want of oxygen as it will be the subject of 
another paper. When the effects of oxygen want are present, as is the case 
when exercise of this severity is performed breathing atmospheric air, the CO, 
stimulus is slightly smaller. This is more than compensated for by the anoxia 
and the pulmonary ventilation is considerably greater. A lowered threshold 
to CO, was postulated by Nielsen (1936) to account for the effects of CO, 
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inhalation during exercise. He attributed it chiefly to nervous influences from 
the cerebral cortex or from the working limbs. In a later paper Asmussen & 
Nielsen (1946) minimized the importance of these nervous factors in heavy 
exercise but it was not clear how much of the hyperpnoea was to be attributed 
to the lowering of the threshold to CO,. Presumably the 60 l./min which they 
measured when oxygen want was abolished would, on their theory, be partly 
explained by nervous stimulation of the respiratory centre. 


100 
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Pulmonary ventilation (1./min at s.t.p.) 
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Fig. 8. The pulmonary ventilation and the increase of the alveolar pCO, above the minimum value 
recorded during recovery after the exercise. Points based on the data already presented in 
Fig. 3. Subjects, R.G.B. and D.J.C.C. Speed in all exercise experiments, 6} m.p.h. The 
figures opposite the exercise points indicate the gradient of the treadmill. @—@, during 
exercise, breathing atmospheric air; O—O, during exercise, breathing 66% or 100% O,; 
x—- x, sitting at rest, breathing CO,-air mixtures. 


Our experiments were not directly concerned with the factors responsible 
for the hyperpnoea of light exercise. We are unable to assess directly the con- 
tribution of nervous factors in heavy work, but agree with Asmussen & 
Nielsen (1946) in assigning to them only a minor role. When the direct or 
indirect effects of oxygen want are abolished by the inhalation of 66% O, the 
pulmonary ventilation is not much greater than that which is caused by the 
inhalation of high concentrations of CO, at rest and the effective pCO, stimuli 
are comparable in the two cases. We think, therefore, that the missing factors 
in the production of hyperpnoea in severe exercise are want of oxygen, acting 
either directly or indirectly, and a lowering of the threshold of the respiratory 
centre to CO, as a result of the acidosis and the changes of body temperature. 
By this means the ventilatory response to a given level of arterial pCQ, is 
much increased. We have found no evidence for an increase in the sensitivity 


of the respiratory centre to CO,, but our data are insufficient to exclude it. 
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SUMMARY 


1. Two athletes and two non-athletic subjects ran on a motor-driven 
treadmill up various gradients. Alveolar pCO,, pulmonary ventilation, 
respiratory rate and blood lactate were measured before, during and after the 
exercise. In some experiments rectal temperature was recorded. 

2. The ventilatory response and alveolar pCO, of two of the subjects were 
determined at rest when varying concentrations of CO, were added to the 
inspired air. 

3. In all instances during exercise the alveolar pCO, rose to levels above 
those found during the preceding rest. The rise was less marked during fairly 
severe than during lighter exercise. In maximal exercise, the alveolar pCO, 
rose to levels well above those found during lighter work. 

4. When oxygen was added to the inspired air during submaximal and 
maximal exercise, the alveolar pCO, rose to higher levels than when air was 
breathed. 

5, The curve relating change of alveolar pCO, to pulmonary ventilation 
when oxygen want was abolished in this way was almost parallel to that found 
during CO, inhalation at rest, but was some distance from it. It was concluded 
that CO, by itself was unable to account for the hyperpnoea. This was no doubt 
attributable in part to the accumulation of excess lactate and to the raised 
body temperature. 

6. After exercise, the alveolar pCO, fell to levels well below those recorded 
during the preliminary rest. This depression was attributed to the persistence 
of the acidosis and the elevation of the body temperature which had occurred 
during the exercise. 

7. When the COQ, stimulus was estimated as the difference between the 
alveolar pCO, during exercise and the minimum value recorded during 
recovery, and this difference was plotted against the pulmonary ventilation, 
the resulting curve had the same slope as that obtained during CO, inhalation 
at rest, and was only slightly above it. 

8. In preliminary experiments on two subjects, 5-5% CO, was inhaled 
during recovery at the time which corresponded to the maximum depression 
of the alveolar pCO, in the earlier experiments. The resulting ventilations were 
much greater than those recorded during CO, inhalation at rest when this was 
not preceded by exercise. In one subject the values so obtained were com- 
parable with those found during the exercise. | 

9. It was concluded that the accumulation of lactate and the raised body 
temperature together depressed the threshold of the respiratory centre to CO, 
and that these three factors combined would account for the greater part of 
the hyperpnoea of severe exercise when the possibility of arterial anoxaemia 
was avoided by adding oxygen to the inspired air. When atmospheric air was 
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breathed, an additional stimulus connected with want of oxygen appeared to 
be involved. 


10. The ‘physiological’ dead space of the respiratory tract was calculated 
for the hyperpnoea of exercise and of OO, breathing. In both conditions it 
increased considerably with the tidal volume. The increases were of similar 
magnitude to those recorded by other investigators who used the arterial 
instead of the alveolar pCO, for calculating the dead space. 

11. In an appendix to the paper, recent work on the alveolar-arterial blood 
gas relationships was considered, together with some of the earlier concepts. 
It was concluded that the directly measured alveolar pCO, during exercise 
probably reflected the arterial pCO, more closely than the alveolar pCO, values 
calculated from the expired CO,°% and an almost fixed ‘anatomical’ dead 
space. 

APPENDIX 
The alveolar air, respiratory dead space and the arterial blood gas tensions 

Quiet breathing at rest. Haldane & Priestley (19352) were interested in the alveolar air as an 
indication of the arterial blood gas tensions and believed that the mean of the end-inspiratory 
and end-expiratory samples approximated most closely to these. They thought that the composi- 
tion of the alveolar air might vary considerably in different parts of the lungs, but showed that 
with a deep expiration a remarkably uniform plateau for pCO, and pO, could be obtained once 
the dead space had been washed out. They considered that a variable part of the axial stream in 
the respiratory bronchioles (Miller, 1947) would contribute to the ‘physiological’ dead space, 
which could therefore have physiological definition only. The whole of the air in the atria and 
respiratory bronchioles would be excluded from the ‘anatomical’ dead space, as measured by 
inert gases. This concept required that the air from these relatively hyperventilated regions, which 
would be expelled in the early part of a deep expiration, should have a high 8.9., and therefore 
the z.Q. of the remainder would be lower than that of the mixed expired air. The fractional 
analyses of single breaths by Aitken & Clark-Kennedy (1928), and by Hitchcock & Stacy (1950) 
using the mass spectrometer show that this is so. The Haldane—Priestley method has been criti- 
cized recently by Rahn (1949). He has, however, misunderstood the method in that his samples 
were delivered over a period of 2-3 sec. Haldane insisted that the samples should be delivered 
quickly and forcefully, and that the end of the alveolar air tube should be blocked as soon as the 
deep expiration was over. 

Krogh & Lindhard (1917) criticized the Haldane—Priestley method because of the uncertainties 
underlying the assumption that the mean of the two samples was the mean for the alveolar air. 
DuBois, Britt & Fenn (1952) have recently investigated this point. Krogh & Lindhard maintained 
that the average composition of the alveolar air, which they termed the ‘alveolar expired air’, 
could best be obtained by calculation from the composition of the expired air and the volume of 
the ‘anatomical’ dead space, as measured with an inert gas. Their values for the dead space 
determined in this way have been confirmed by Fowler (1948) and Lilly (1950) using the nitrogen 
wash-out technique. Pappenheimer, Fishman & Borrero (1952) have recently introduced a novel 
method for estimating the dead space and alveolar gas tensions. Their concept is, as far as we can 
see, entirely sound and results in the correct measurement of the ‘anatomical’ dead space and the 
‘alveolar expired air’ of Krogh & Lindhard, i.e. all the gas which takes an active part in the 
respiratory exchange. 

Riley et al. (1946) and Riley & Cournand (1949, 1951) have introduced the concept of the 
‘effective’ or ‘ideal’ alveolar air, based on the arterial pCO, measured directly, and the k.Q. of 
the expired air. This alveolar air would be the same as that of Krogh & Lindhard (1917) and of 
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Pappenheimer et al, (1952) only under a unique set of circumstances which are unlikely to be 
fulfilled in the lungs, and which will be considered below. The differences between the dead 
spaces and alveolar airs obtained by all these methods are small during quiet breathing. 


Taste 4. Comparison between arterial and alveolar CO, tensions when these are measured 
simultaneously 


A =(alveolar-arterial) pCO,. 


pCO, (mm Hg) 
Arterial Alveolar 
End-normal 
expiration 


Haldane Priestley Lindhard ; 


Oxygen ~ Henderson; 
No. of consump- End-insp. End-exp. Rahn & Otis 
Observer tions (c.c./min) Value A Value A Value A 
I. Rest 
Bock & Field (1924) 15 38-8 — 883 -05 —- — 
Dill et al. (1927) 20 — — 366 -43 
end-exp.) 
Bock et al. (1929) 10 “= 41-75 — — 45 -02 — — 
Dill e¢ al. (1931) 4 _ 31-6 — — 309 -07 — — 
high altitude) 
Riley al. (1946) 20 35-5 399 +44 —- — — 
Gal & Wol- 9 42-0 — 440-10 — 
lack (1947) 
Barker ef al. (1949) 33 a 40-5 38-7 -18 40:7 +02 386 -1-9 
Suskind et al. 10 36-0 — — 33-8 
(1950) 
II. Exercise 
Dill et al. (1927) (a) 7 1400 39-9 — — 
(6) 9 1400 40-2 40-2 — 
(c)14 ¢. 1700 (assumed= 420 00 — 420 00 
HP end-insp.) 
Dill e¢ al, (1931) 5 2210 30-3 239 — 
(high altitude 
Lilienthal et al. 1l 1500 34-6 473 +127 — 
(1946) 
Wol- ll sc. 1550 41-0 — — 40430 — 
lack (1947 
Suskind et 10 ¢. 1000 41-5 — 43:5 +20 
(1950) | 


In 1911 Lindhard introduced a method for sampling the last few c.c. from the end of a series of 
normal expirations. Campbell, Douglas, Haldane & Hobson (1913) criticized it on the grounds 
that the dead space would be inadequately washed out during quiet breathing. Henderson & 
Haggard (1925) and Rahn & Otis (1949) have introduced automatic devices acting on the same 
principle, and which would therefore be expected to suffer from the same defect during quiet 
breathing. Recent experiments in this laboratory suggest that this error may be considerable 
when standard respiratory valves are used. However, with a special valve the dead space of which 
is only 11 ¢.c., it becomes quite small. 

A number of direct comparisons between the alveolar and arterial pCO, both at rest and during 
exercise have been summarized in Table 4. Rahn’s (1949) series at rest has not been included 
since the experimental data are not available and since, as mentioned above, his tracings indicated 
that he did not appreciate the details of the Haldane—Priestley method. However, he found that 
the arterial pCO, and the alveolar pCO, measured by his automatic end-normal expiration method 
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were in close agreement. The results, except those of Riley et al. (1946), agree in showing that at 
rest the Haldane—Priestley end-expiratory sample gives a value very close to that for the arterial 
pCO,. The end-normal expiration method of Lindhard (1911), Henderson & Haggard (1925) and 
of Rahn & Otis (1949), and the Haldane~Priestley end-inspiratory sample tend to give low values 
for pOO,. Barker, Pontius, Aviado & Lambertsen (1949) used a refined version of Riley’s syringe 
method for measuring arterial gas tensions. Their findings agreed with those of the earlier workers. 
For pCO, there was little difference between the various methods though the end-normal expira- 
tion method of Rahn & Otis (1949) and the end-inspiration Haldane—Priestley sample gave low 
values. The Rahn—Otis method had the smallest standard deviation. In addition, they found that 
for oxygen all methods except the Haldane—Priestley end-expiratory sample gave values higher 
than the arterial pO,. Lambertsen (personal communication) found that the R.9.’s of all samples 
were the same as the expired air R.Q., except that of the Haldane—Priestley end-expiratory sample, 
which was low. Since, however, this method reflects more closely the arterial gas tensions than 
any of the others, it follows that the k.g. of the hypothetical sample whose gas tensions are identical 
with those found in the arterial blood will also be low. Calculations by us from Lambertsen’s data 
show that this 8.9. is lower even than that by the Haldane—Priestley end-expiratory method. It 
also follows that Rahn’s (1949) criticism of the Haldane—Priestley method on the grounds of its 
low 8.Q. should in reality be a criticism of the other methods when they are judged by the accuracy 
with which they reflect the arterial blood gas tensions. 

Variations in the ratio of ventilation to blood-flow (termed in the U.S.A. the ventilation- 
perfusion ratio) in different parts of the lungs will explain these discrepancies in gas tensions and 
R.Q., a8 was pointed out by Haldane & Priestley (19365) and discussed recently by Riley & 
Cournand (1949, 1951) and by Rahn (1949). The results of such inequalities will show themselves 
in two ways. First, by definition, there is a surplus of gas and a deficit of blood in the over-ventilated 
regions, and the opposite is true where there is underventilation and excessive blood flow. The 
equilibrium values forCO,, when compared with that established in evenly ventilated and perfused 
regions, will be low in the first case and high in the second. It follows that, even if the dissociation 
curve for the gas in question is linear, the average tensions found in the whole of the gas and blood 
phases will differ from each other since the gas phase will be weighted towards the low value 
found in the overventilated regions while the blood phase will incline towards the high value of 
the over-perfused areas. Secondly, when the dissociation curve of the gas is not linear there will 
be a further difference of gas tension between the whole alveolar air and the mixed arterial blood 
in addition to that resulting from the spatial factors outlined above. The reasons for this were 
clearly described by Haldane & Priestley (19356). The values for both CO, and oxygen will be 
affected equally by the spatial factors. Those for CO, will scarcely be affected by the shape of the 
dissociation curve, since it is almost linear over the physiological range. At atmospheric pressure 
breathing air, the relevant part of the oxygen dissociation curve is far from linear and so will 
aggravate the discrepancy. One would therefore expect the difference for oxygen to be greater 
than that for CO,. It follows that the z.9. of the hypothetical alveolar air sample whose gas 
tensions are equal to those of the arterial blood will be lower than that of the expired air. It also 
follows that the ‘physiological’ dead space for oxygen calculated from this sample will be larger 
than that for CO,. All three conditions are closely fulfilled by the end-expiration sample of 
Haldane & Priestley when this is correctly delivered, as may be shown from the data of Barker 
et al, (1949). 

The existence of these inequalities of distribution of blood and gas to different parts of the lung 
seems to be fairly well established. Much has been written about the ‘effective venous shunt’ 
across the pulmonary circulation which results from the anatomical arrangements of the bronchial 
and Thebesian veins and variations in the ventilation-perfusion ratios in different parts of the 
lungs. However, there has been little mention recently of the overventilated regions in the smaller 


air passages. Miller (1947) described alveoli lining the terminal bronchioles, whose main function 


appeared to be the conduction of gases. He called them the respiratory bronchioles. Further on 
were the atria where air conduction also seemed relatively more important than gas exchange. 
From his diagrams it is clear that these alveoli would be grossly overventilated during inspiration. 
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The first air out of the lungs proper during expiration would come from them and should show 
evidence of a high ventilati rfusion ratio. Haldane, Meakins & Priestley (1918) described the 
effects of this arrangement particularly during rapid shallow breathing. The physiological con- 
firmation of their views came from the fractional analyses of single expirations performed during 
exercise by Aitken & Clark-Kennedy (1928) and at rest by Hitchcock & Stacy (1950). They found 
that the early fractions had 8.Q.’s in excess of unity, and that subsequently the k.Q. fell to values 
lower than that of the mixed expired air. One may therefore say that an obligatory overventila- 
tion occurs in these regions just as an obligatory addition of venous blood may occur on the left 
side of the heart. The magnitude of these obligatory inequalities of ventilation and perfusion has 
not been clearly established. It appears that the essence of the old controversy between the Oxford 
and Copenhagen schools of respiratory physiology was whether the gas coming from the over- 
ventilated regions should be included in the dead space or the alveolar air. Probably both views 
were correct when used in the right contexts. 

It seems to us that there are at least three different types of alveolar air sample, each related 
to the expired air by its own dead space. | 

(1) The ‘alveolar expired air’ of Krogh & Lindhard and of Pappenheimer et al, (1952) includes 
all the gas which takes part in the respiratory exchange. It will not have the same gas tensions 
as the arterial blood unless the ventilation and perfusion ratios are absolutely uniform all over 
the lung; if this were so, it would also agree with the other two methods of sampling alveolar 
air. If inequalities exist, the ‘alveolar expired air’ will have a lower pCO, and higher pO, than 
any of the other samples, The corresponding dead space will be the ‘anatomical’ dead space 
and will be smaller than the others. The &.Q. will be the same as that of the expired air. 

(2) The ‘ideal’ alveolar air of Riley and co-workers has, by definition, the pCO, of the arterial 
blood. Since the spatial factors mentioned above are applicable to the values of pCO,, it follows 
that this method corrects for them, both for CO, and oxygen. In addition, the non-linearity of the 
dissociation curve will apply for the oxygen values at sea-level breathing air, and so under these 
conditions the ‘ideal’ alveolar air will have a pO, higher than that of the arterial blood. Both the 
oxygen and CO, values will be related to the expired gas composition through the ‘ physiological’ 
dead space for CO, which during quiet breathing is slightly larger than the ‘anatomical’. The 
B.Q. is, by definition, that of the expired air. 

(3) In our view the end-expiration sample of Haldane & Priestley corrects empirically for both 
sets of factors and thus gives values close to the arterial gas tensions for both gases. The correction 
results from exclusion of that part of the ‘alveolar expired air’ which comes from the overventilated 
regions. The Haldane-Priestley dead space for CO, will equal that for ‘ideal’ alveolar air and will 
be the ‘physiological’ dead space for CO,. Their ‘ physiological’ dead space for oxygen will be 
larger still. The 8.q. will be lower than that of the expired air. 

All these alveolar air samples have their own particular uses. For example, the ‘ideal’ alveolar 
air of Riley and co-workers and the end-normal expiration methods of Lindhard (1911) and of Rahn 
' & Otis (1949) do not depend on the active co-operation of the subject and so avoid subjective 
errors. During quiet breathing the differences between the results obtained by the different 
methods are fairly small. Perhaps Lindhard’s end-normal expiration sample should be avoided 
during quiet breathing unless apparatus of minimal dead space is used or unless an empirical 
correction factor is applied. 

Hyperpnoea. During hyperpnoea, particularly when the breathing is rapi i ingly 
difficult to distinguish between the end-inspiratory and sakamuaahiin Haldane-Priestley 
samples. The increased tidal volume washes out the dead space more effectively so that the objec- 
tion to the Lindhard method is no longer valid. With extreme hyperpnoea the three methods 
become indistinguishable except that the Lindhard method gives the average of a number of 
respiratory cycles and so is preferable. During exercise and during CO, breathing we compared 
the pCO, obtained by the Lindhard method and by sampling the end of a maximal expiration. 
We were unable to detect any systematic difference between the two. 

Direct comparisons between arterial and alveolar CO, tensions during exercise are summarized 
in Table 4. The data are not numerous and may be used in support of either Krogh’s or Haldane’s 
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view. In favour of the latter, it may be said that the determinations by Dill, Hurxthal, van 
Caulaert, Félling & Bock (1927) at rest have been largely confirmed by other workers and the 
same methods were used by Dill e al. (1927) in exercise. Under these conditions they found 
the Haldane-Priestley end-inspiratory sample and the automatic method of Henderson & 
Haggard (1925) to be the most reliable. The method of obtaining Haldane-Priestley samples used 
by Riley et al. (1946) for some reason gave much higher values at rest than those used by other 
workers; one would expect the difference to be magnified in exercise, Galdston & Wollack (1947) 
collected their samples during the minute following exercise when rapid fluctuations in co, 
levels would be occurring. Exact timing was of extreme importance and they admitted to slight 
delays in sampling in some instances. Nevertheless, their end-expiratory samples did not show 
a much greater discrepancy than those of Dill ef al. (1927). We would agree tentatively with 
Dill et al. that the evidence, such as it is, favours the Haldane-Priestley end-inspiratory sample 
and others like it during exercise. 

Since there are so many uncertainties we are forced back to the indirect argument involving 
the dead space. The pCO, of an alveolar sample which gives a dead space which is nearly the 
same as that calculated from the arterial pCO, during hyperpnoea obviously cannot differ very 
much from the arterial pCO, itself. Samples of this type are therefore the most suitable for studies 
on respiratory control. 

The difference between the results for the dead space obtained by these methods and by the 
indirect methods of Krogh & Lindhard and of Pappenheimer ef al. (1952) becomes large and 
of great importance during hyperpnoea. The ‘physiological’ dead space as calculated from the 
composition of the alveolar air when sampled directly, increases considerably during hyperpnoea. 
Douglas & Haldane (1912) found this for exercise, Campbell et al. (1914) for the hyperpnoea of CO, 
breathing at rest and Haldane (1915) and Henderson, Chillingworth & Whitney (1915) for deep 
slow breathing at rest. However, Krogh & Lindhard (1913a, 1917) found that the ‘anatomical’ 
dead space, as measured by Siebeck’s hydrogen method (1911) did not increase very much during 
deep breathing either at rest or during exercise. Their results have been confirmed by Fowler 
(1948) and Lilly (1950) using nitrogen as the test gas, and by Pappenheimer e# al. (1952). Krogh 
& Lindhard (1917) criticized the results of Henderson ef al. (1915) on apparently valid grounds. 
They also pointed out that the values for alveolar pCO, in exercise on which the dead spaces 
reported by Douglas & Haldane (1912) were based were too high owing to the accumulation of 
CO, in the lungs during the delay which occurred in sampling by the Haldane—Priestley method. 
They calculated that this factor would account for the whole of the difference between the two 
sets of results. Haldane & Priestley (19354) admitted the error, but their calculations suggested 
that it was much smaller than Krogh & Lindhard had thought. Krogh’s criticisms of Haldane’s 
results obtained during quiet breathing were equivocal, and they failed altogether to explain the 
results of Campbell ef al. (1914), in which there was no increase in the rate of CO, production. 
Douglas & Havard (1932) showed that the Haldane—Priestley method of sampling, which in 1914 
had resulted in a big increase in Douglas’ ‘ physiological’ dead space during CO, hyperpnoea at rest, 
also gave a correct value under the same conditions for his arterial pCO, since the arterial 
pH calculated from it agreed with that determined by the glass electrode. Recently, Cooper 
et al. (1953) have shown that the ‘physiological’ dead space when calculated from the directly 
measured arterial pCO, increases during a CO, hyperpnoea by about the same amount as 
claimed by Campbell et al. (1914). Our results also agree with those of Campbell e¢ al. (Fig. 4). 
Furthermore, Riley (personal communication) has shown that this is true for exercise when the 
arterial pCO, is used in the Bohr equation. Our calculations from the data of Houston & Riley 
(1947) bear this out. Our results in exercise also show a considerable increase, which is slightly 
greater than that of Riley (Fig. 5), but no greater than that of Houston & Riley. The results of 
Pappenheimer etal. (1952) show that Haldane’s data (1915) may be used to calculate the ‘anatomical’ 
as well as the ‘physiological’ dead space during deep breathing. 

Fractional sampling of an expiration has not yet thrown much light on the controversy. It was 
first performed by Krogh & Lindhard (1913c), but their methods have been questioned by Aitken 
& Clark-Kennedy (1928). These authors gave values for the dead space during exercise which were 
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intermediate between those of Krogh & Lindhard and of Campbell ef al. (1914). They in turn have 
been criticized with some justification by Nielsen (1936). It should be added that the alveolar 
pCO, which would result from the dead space calculated by Aitken & Clark-Kennedy or by Nielsen 
would be that existing at the beginning of the alveolar pCO, plateau, and would therefore be lower 
than the mean alveolar pCO,. The techniques of fractional analysis used by Hitchcock & Stacy 
(1950) have not, to our knowledge, been used during the hyperpnoea of exercise or of CO, inhala- 
tion at rest, but Kydd (1950) has shown that the dead space is greatly increased during voluntary 
and involuntary hyperventilation. 

On these grounds we have formed the opinion that during hyperpnoea the ‘ physiological’ dead 
space for gases which are actively exchanged increases considerably, but the true, or ‘anatomical’ 
dead space of Krogh & Lindhard (1913a, c, 1917) undergoes comparatively little change. The 
recent experiments using arterial blood as a standard are in support of this view, as are the experi- 
ments on the washout of nitrogen during oxygen breathing by Fowler (1948) and by Lilly(1950). In 
the absence of an adequate number of direct comparisons between arterial and alveolar pCO, during 
exercise uncertainties must remain, but it is apparent that one of the direct methods of alveolar 
air sampling will give results closer to the arterial values than those involving the use of a nearly 
constant dead space in the Bohr formula. The situation regarding the values for pO, in arterial 
blood and alveolar air is less clear, but that is not the concern of this paper. We therefore decided 
to use the Haldane—Priestley method for samples taken during quiet breathing and the Lindhard 
method as modified by Rahn & Otis (1949) for hyperpnoea. 
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THE EFFECTS ON THE RESPIRATION AND PERFORMANCE 
DURING EXERCISE OF ADDING OXYGEN 
TO THE INSPIRED AIR 


By R. G. BANNISTER ann D. J. C. CUNNINGHAM 
From the Laboratory of Physiology, University of Oxford 
(Received 22 December 1953) 


There have been several reports in the literature of the effects of oxygen on the 
respiration and performance during heavy work. The most extensive of these 
was by Asmussen & Nielsen (1946) who showed, among other things, that 
during moderately severe exercise on the bicycle ergometer the addition of 
oxygen to the inspired air resulted in a marked and sudden depression of the 
respiration. To explain their findings they postulated that muscle working 
under partially anaerobic conditions liberated into the blood stream an 
unknown substance which stimulated the respiration and which was rapidly 
destroyed by high concentrations of oxygen. This was in addition to any effects 
which might be ascribed to the production of excess lactate. More recently, 
Miller (1952) has reported that he could detect no effect on any of the quantities 
which he measured when oxygen was added to the inspired air of athletic and 
non-athletic subjects performing moderate and severe exercise on a treadmill. 

It therefore seemed worth while to see whether the effects described by 
Asmussen & Nielsen (1946) could be produced during hard exercise on the 
treadmill and to consider the possibility that these effects, if present, might be 


explained without invoking the intervention of an unknown hypothetical 
substance. 


METHODS 


The methods used and the four subjects employed have been described in a previous paper 
(Bannister, Cunningham & Douglas, 1954). 


RESULTS 

Exercise to exhaustion while breathing air enriched with oxygen 
Four experiments were carried out on each subject. An intensity of exercise 
was chosen for each subject such that the breaking point was reached in 


6-9 min when breathing atmospheric air. The subjects then ran to exhaustion 
in three further experiments during which they breathed 33, 66 and 100% 
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oxygen respectively. The CO, output when breathing higher concentrations of 
oxygen was about the same as when breathing air. The oxygen consumptions 
were recorded, but were obviously unreliable for the reasons discussed by Hill, 
Long & Lupton (19244). The results of twenty such runs by four subjects are 
shown in Fig. 1 a-e, and the duration of the exercise and breaking points in 
Table 1. 


Tasix 1. Duration of exercise during the inhalation of different air-oxygen mixtures. 


Speed in all experiments 6} m.p.h. 
Duration of exercise when breathing 
21% 33% 66% 100% O; 
Subject Gradient § min sec min sec min sec min sec 
R.G.B. (1) lin7 8 45 8 45 *17 15 *16 32 
R.G.B, (2) lin? 8 26 15 17 23 «40 20 40 
D.J.C.C. 1 in 10 8 58 ll 20 "24 48 20 45 
N.D.McW. 1in8 6 35 13 25 «(0 17 18 
P.J.P. 1 in 16 6 26 10 15 13 50 ll 55 


* Denotes breaking point not reached. 


The addition of oxygen to the inspired air always improved performance 
considerably and often resulted in the establishment of a steady state during 
exercise which would normally produce rapid exhaustion (Table 1). 

Substitution of 66% or 100% oxygen for air reduced the pulmonary 
ventilation by 5-25 1./min in all subjects. In the air-breathing experiments 
on P.J.P. and N.D.McW. the breaking points occurred so early that only 
one or two measurements of ventilation were possible. These were almost 
certainly not steady state values, and the ventilation was probably still rising 
rapidly. It is likely that had the maximum ventilation been recorded with 
these two subjects the differences between the air and oxygen experiments 
would have been greater than is indicated in Fig. 1d and e. The blood lactate 
response was reduced by one-third to a half in three subjects and by one- 
seventh in the other by the inhalation of the higher concentrations of oxygen. 
The magnitude of the differences in blood lactate in three subjects is masked 
by the fact that they were completely exhausted before the blood lactate 
reached its highest level when breathing air, whereas the lower concentrations 
recorded during oxygen inhalation were steady state or near-steady state 
values. When inspiring 66% or 100% oxygen the alveolar pCO, was from 
4 to 9 mm higher than when air was breathed; in the two athletes figures as 
high as 54 and 55 mm were recorded, 14 and 15 mm above the preliminary 
resting values. The alveolar pCO, showed a tendency to fall slightly as the 
exercise continued. 

The effects of 33° oxygen were intermediate between those of air and of 
the higher concentrations of oxygen. 

66 and 100% oawygen. The experiments showed that the inhalation of 100 yA 
oxygen during severe exercise at sea level resulted in complete exhaustion 


120 


R. G. BANNISTER AND D. J. C. CUNNINGHAM 


‘souyy pourof 4801 ye Sulmp syutod ‘sour Aq pourol esjosoxe pouresqo *O % O01 ‘@——®@ 


%99 “V—V ‘*o ‘x——-x ‘are Buryyworq ‘O——-C fg ut poodg 


pozprepueys Aavoy Burp 048708] poojg puv uO ITe oy} UI UeBAXO jo Jo “By 
(uyws) y 
OL 


8 
(% 3w) 
poolg 


Aueuowjng 


8. 
re 


9 | 
| 
; 
‘ Yo 
—+— 
: ix 
5 
oN 


OXYGEN AND EXERCISE 121 


within 12-21 min, whereas three of the subjects, when they breathed 66% 
oxygen, had not reached their breaking points when they stopped running 
after 23 min; the fourth reached his breaking point 2 min later than in the 
experiment when he breathed 100% oxygen. There were no clear-cut dif- 
ferences between the pulmonary ventilations or the blood lactate and alveolar 
pCO, levels with 100% and 66% oxygen. A small difference in one direction 
with one subject was usually offset by a difference in the opposite direction 
with another. 

The subjective effects were impressive. Three of the four subjects found 
the exercise much easier when breathing 66% oxygen. R.G.B. noticed with 
surprise that he felt mentally elated when breathing 66%, but not when 
breathing pure oxygen. The exercise was incomparably easier than in any of 
the previous runs at this intensity; breathing was effortless and he stopped 
running more from boredom than from exhaustion. In the second series of 
experiments when he ran for 24 min on 66% oxygen he again noticed these 
effects, although he had completed a run to exhaustion on the previous day. 
D.J.C.C. felt breathless when breathing 100% oxygen, although the pul- 
monary ventilation was 19 1./min less than when breathing air. With 66% 
oxygen his breathing was comfortable and he felt that he could continue to 
run indefinitely. The other subjects did not know the composition of the 
inspired air. P.J.P. ran on 66% oxygen on the day after his run to exhaustion 
on pure oxygen, and although he made no comments he lasted for 2 min longer 
than on the previous day. N.D.McW. ran on 66% oxygen one morning 
having completed a run to exhaustion on 100% oxygen the evening before. 
As he stopped running he said, ‘ You don’t have to tell me that there was more 
oxygen that time!’ His breathing seemed easier than during other runs. He 
thought that there was a definite elation which he distinguished from the 
mere absence of discomfort. He would have been prepared to run indefinitely 
had he not had to catch a train. 


Sudden changes in the oxygen content of the inspired air during less 
severe exercise 

In these experiments the subjects R.G.B. and D.J.C.C. exercised at slightly 
lower intensities: Running at 6} m.p.h. up a gradient of 1 in 12 (R.G.B.) 
and on the level (D.J.C.C.), intensities at which their oxygen consumptions 
were 3390 and 1970 c.c./min respectively, no perceptible change in pulmonary 
ventilation or alveolar pCO, occurred when the inspired gas was suddenly 
changed from air to 66% oxygen. The subjects were presumably free 
from oxygen lack during these runs. When they ran at the same speed up 
gradients of 1 in 10 and 1 in 16 respectively (oxygen consumptions, 3860 and 
2500 c.c./min) definite effects were observed on raising the concentration of 
oxygen in the inspired air. The subjects breathed atmospheric air for the first 
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20 min, then 66% oxygen for 10 min, then air for another 10 min. After this 
R.G.B. stopped running, but D.J.C.C. was switched to 33% oxygen for 
a further 10 min and finally back to air for 5 min. Blood samples for the 
estimation of lactate were withdrawn at intervals, the alveolar pCO, was 
measured very frequently with the carbon dioxide meter and the pulmonary 
ventilation was determined immediately before and after the changes. The 
results are shown in Fig. 2a and 6. In the case of R.G.B. the pulmonary 
ventilation changed extremely quickly after the switches from 74 to 64 and 
from 72 to 80 1./min, The collection of expired air was started after only a few 
seconds and by that time the changes must have been almost complete. Had 
there been a significant delay the first bag determination would have given 
a value intermediate between those for the steady states before and after the 
switch. However, it showed a change in ventilation greater than that finally 
established. The CO, meter recorded changes of alveolar pCO, from 41-5 to 43 
and from 44 to 38 mm. They started about 20 sec after the switch, and there 
was a large overshoot before a steady value was achieved, particularly after 
the change from 66% oxygen back to air. The latency of the response of 
the alveolar pCO, to the altered alveolar pO, must have been extremely 
short in view of the length of tubing from the alveolar air sampler to the 
meter (about 6 ft.), the time taken for the alveolar pO, to change and for the 
alveolar pCO, to alter following a change in pulmonary ventilation. The 
experiment on D.J.C.C. was carried out before the rapidity of the changes 
was appreciated and measurements were not made sufficiently quickly, but 
the latency in his case was also small and the changes similar in magnitude. 
Alterations of ventilation and alveolar pCO, in the same directions occurred 
later in the same experiment on D.J.C.C. when he was switched to 33% 
oxygen and back to air, but the effects were not so great. Trotter (personal 
communication) has provided some evidence that there may be fluctuations in 
the CO, meter reading following large changes in the nitrogen and oxygen 
contents of the mixture analysed. This may have contributed to the effects 
reported here, but the magnitude of the changes in alveolar pCO, reflected the 
changes in ventilation. In five out of six subjects investigated in another 
connexion these rapid changes have been observed following sudden changes 
in the inspired oxygen concentration. 

The blood lactate changed comparatively slowly after each switch and 
could not have been responsible for the rapid alterations in ventilation and 
alveolar pCQ,. 

Marked subjective effects were also present. The slight pain in D.J.C.C.’s 
legs which was present when he breathed air disappeared when 66% oxygen 
was inspired. When the switch back to air occurred 10 min later he became 
much more aware of his breathing. After a further 10 min he was getting very 
tired, but 20 sec after the switch to 33% oxygen his breathing became easier 
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and his vision became suddenly brighter. He was reminded of the change 
which occurs when normal atmospheric air is suddenly inspired after a period 
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Fig. 2. a, b: effects of rapid changes of oxygen content of inspired air during severe exercise. 
a, subject R.G.B., speed 6} m.p.h., gradient, 1 in 10; , subject, D.J.C.C., speed 6} m.p.h., 
gradient, 1 in 16. Inspired gas mixtures are indicated at the top of the figure. 


of breathing air deficient in oxygen at rest. Ten minutes later, when he started 
breathing air instead of 33% oxygen, he became dyspnoeic and was forced 
to change his respiratory rate from 30 to 45 breaths per minute. 
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DISCUSSION 
Respiratory effects of adding oxygen to the inspired air 
The difference in the concentrations of lactate in the blood which were observed 
when gas mixtures enriched with oxygen were breathed during work are in 
general agreement with the findings of Asmussen & Nielsen (1946) and of 
Lundin & Strém (1947). 

The significance of the changes in alveolar pCO, produced by oxygen are 
discussed elsewhere (Bannister et al. 1954). The mode of action of oxygen in 
producing the results reported here requires further consideration. 

The effects of adding oxygen to the inspired air during exercise was studied 
by Hill, Long & Lupton (19246). During heavy work of approximately 
constant severity they found that the pulmonary ventilation was not always 
reduced. However, the capacity for maximal exertion was considerably 
increased when 50°, oxygen was inspired. The oxygen consumptions were 
about 20°% greater than when air was breathed and higher concentrations of 
lactate in the blood could be tolerated. They thought that the differences were 
too great to be explained in terms of the increased oxygen content of the 
arterial blood alone, and postulated that during maximal work breathing air 
there might be a fall in the oxygen tension of the arterial blood which might 
affect the heart and brain. The abolition of the anoxaemia by the addition of 
oxygen to the inspired air would result in an increase in cardiac output and 
possibly in the tolerance of the brain for acid metabolites. 

Haldane & Priestley (1935a) reported that during moderate exercise in 
untrained subjects the alveolar pCO, rose to higher levels and the work seemed 
easier when oxygen was inhaled. They did not detect this difference during 
moderate exercise in a subject who led a more active life. Briggs (1920) made 
similar observations on the pulmonary ventilation and CO, content of the 
expired air. In 1934, Christensen, Krogh & Lindhard summarized their studies 
on heavy work. In particular they found that when the exercise was so severe 
that it could not be maintained for 2 min the addition of oxygen to the inspired 
air had no effect on the performance. With work of slightly lower intensity 
oxygen increased the endurance and the capacity for work. When, breathing 
oxygen, the subject started with moderate exercise and the intensity was 
subsequently increased by stages, he was able to maintain rates of work which 
had previously exhausted him within 2 min. Evidently time was required for 
the adjustment of the respiratory and circulatory systems to the new condi- 
tions if the extra oxygen was to produce its effect. There are no contradictions 
between any of these findings and our own. 

Asmussen & Nielsen (1946, 1950) and Asmussen (1950) were the first to show 
conclusively that during prolonged heavy work on a bicycle ergometer the 
addition of oxygen to the inspired air produced a considerable reduction in 
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the pulmonary ventilation, an increase in the alveolar pCO, and a reduction 
in the blood lactate. They could not detect such an effect with light or moderate 
work and concluded that it was present only above certain intensities. They 
showed that the effect was graded in that the reduction in ventilation was 
small with 30%, large with 60% and maximal with 100% oxygen. They also 
found that if a sudden switch was made from atmospheric air to oxygen during 
the work, the change in ventilation occurred much more rapidly than the 
alterations in the concentration of lactate or pyruvate in the blood. All our 
findings are, generally speaking, in agreement with theirs, except that in two 
of our four subjects the depression of ventilation was greater with 66°, than 
with 100% oxygen and that the differences at these levels were probably 
insignificant. However, our main experiments were different in that the work 
resulted in exhaustion within 6-9 min when breathing air. We did not investi- 
gate the relative values of 66° and pure oxygen during prolonged exercise at 
the slightly lower intensity used by Asmussen & Nielsen. 

Hickam, Pryor, Page & Atwell (1951) have shown that the substitution of 
pure oxygen for air reduces markedly and suddenly the ventilation during 
heavy exercise in untrained subjects. This is accompanied by the abolition of 
a previously existing slight arterial desaturation with oxygen. Unlike 
Asmussen & Nielsen, they conclude that the effect is due to the removal of an 
anoxic stimulation of the carotid chemoreceptors. It is a pity that such short 
experimental periods were used. The subjects could hardly have been in a 
steady state in any part of these experiments, and so the large numbers of 
measurements made cannot be compared quantitatively with our own or 
others in the literature. However, their results are in qualitative agreement 
with many of ours. 

Miller (1952) was unable to record any important subjective or objective 
differences either in untrained subjects or in athletes running to exhaustion 
when 100% oxygen was substituted for air. No respiratory measurements 
were made. This is in complete contradiction to our findings and to those of 
the earlier workers. He reports that when subjects were told that they were to 
run on oxygen their performance improved. We can scarcely believe that the 
differences which we and many others have observed were entirely subjective. 
In particular, the inspired air mixtures were unknown to two of our subjects, 
and we were still able to detect effects which varied in magnitude with the 
amount of oxygen added to the inspired air. 

Asmussen & Nielsen (1946, 1950) did not think that a reduction of the 
arterial pO, during heavy exercise when breathing air was responsible for the 
effects they observed on the grounds that if it occurred at all it was too small 
to stimulate the chemoreceptors. They also pointed out that the further 
depression in ventilation which occurred when pure oxygen was substituted 
for 60% could not be explained on the basis of an abolition of arterial 
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anoxaemia. They excluded changes in blood lactate, which were too slow to 
be responsible. Subsequent experiments in which they trapped blood in the 
legs with pneumatic cuffs during work and observed the effects produced 
when the circulation was re-established during the subsequent rest led to the 
postulation of a substance closely related to the ‘hyperpnoein’ of Yandell 
Henderson (1938). This substance was supposedly produced by ischaemic 
muscle; it stimulated the chemoreceptors and was rapidly destroyed in the 
presence of oxygen. Further evidence for their view was provided by the 
observation that during heavy work with the arms alone, similar effects were 
obtained from the substitution of oxygen for air. This occurred at relatively 
low metabolic rates, when the cardiovascular and respiratory systems were 
not working to capacity. 

However, our data and those of Asmussen & Nielsen are not incompatible 
with a more orthodox explanation in terms of arterial anoxaemia. If the 
arterial pO, is depressed during heavy exercise, the addition of oxygen to the 
inspired air would be expected to raise the arterial pO, to values in excess of 
_ the threshold of the carotid and aortic chemoreceptors and to lower the 
ventilation. In addition, a lowered arterial pO, might result in cardiac 
embarrassment, which would be relieved by breathing oxygen. This is another 
possible means by which arterial anoxaemia might affect the pulmonary 
ventilation, and is briefly considered later in this paper. For the theory that 
the effects were due to arterial anoxaemia acting by way of the chemo- 
receptors to be satisfactory by itself, certain requirements must be met: 
(1) The part of the hyperpnoea in heavy exercise which may be ascribed to 
anoxic stimulation of the chemoreceptors (i.e. the increase which is recorded 
when air is substituted for 66°% or 100% O,) should be comparable to the 
increase in ventilation when the subject is exposed to a similar degree of 
anoxia at rest. (2) The arterial pO, in heavy exercise should be depressed to 
levels which would stimulate the chemoreceptors. (3) If possible, satisfactory 
explanations for the depression of the arterial pO, should be available. It 
might be the result of limitations in the rate of diffusion of oxygen across the 
pulmonary epithelium or of fairly gross irregularities of distribution of blood 
flow and air flow in different parts of the lungs, or of both. (4) If these require- 
ments are met, it has to be decided whether the graded effect of 33 and 66% 
O, on the ventilation may be explained in similar terms; in other words, is it 
possible that the inhalation of 33% oxygen is insufficient to abolish completely 
the arterial anoxaemia which exists when air is breathed? The theory must 
also account for the effect of oxygen on the ventilation during work with the 
arms alone. We have no data on this point. These requirements must now be 
considered in some detail. 
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Response to oxygen lack at rest 

Recent accounts of the causes of hyperpnoea during strenuous exercise have 
rejected the suggestion that a lowering of the arterial pO, may be a factor in 
normal subjects (Comroe, 1944; Pitts, 1949; Gray, 1950; Grodins, 1950). This 
is presumably due to the widespread belief that the ventilatory response of 
normal subjects to anoxia of short duration at rest is relatively small (e.g. 
Dripps & Comroe, 1947). Such data, though correct in themselves, do not 
take account of the inhibitory effect of the accompanying acapnia. When this 
acapnia is reduced to a minimum by the process of acclimatization, the 
effectiveness of quite small reductions in the arterial pO, in stimulating the 
ventilation becomes apparent (FitzGerald, 1914; Boothby, 1945). Haldane, 
Meakins & Priestley (1918a) showed that when oxygen lack is added to the 
effects of an excess of carbon dioxide, as occurs when a subject rebreathes air 
from a confined space at rest, the effects of the anoxia appear earlier and more 
powerfully than when the subject rebreathes air and the pO, falls at a similar 
rate, but the CO, is not allowed to accumulate. Nielsen & Smith (1951) and 
Gee (1949) have produced evidence to show that the effects of the two stimuli 
combined need not necessarily be strictly additive, as has been assumed by 
Gray (1950). Gee’s results agreed with those of Haldane et al. (1918a) in 
suggesting that in the presence of an excess of CO, stimulation of the breathing 
by anoxia may occur with only slight depressions of the alveolar oxygen 
tension. Hill & Flack (1908), Douglas & Haldane (1909) and DuBois (1952) in 
breath-holding experiments showed that the breaking point was reached later 
and at a higher alveolar pCO, when oxygen was added to the inspired air. It 
appeared that anoxia played some part in advancing the breaking point even 
when the alveolar pO, was well above 100 mm. Recent experiments in this 
laboratory (Cormack, Cunningham & Gee, unpublished) on rebreathing at rest 
from a 6 1. spirometer containing either air or oxygen indicated the same thing, 
namely, that in the presence of a large excess of CO, a very powerful stimula- 
tion of respiration from ‘oxygen lack’ may occur when the alveolar pO, is still 
well above 100 mm. In contrast, when the same rebreathing experiments are 
carried out following a period of acapnia induced by the inhalation of 10% 
oxygen for 30 min, no effect from oxygen lack alone may be detected until the 
alveolar pO, falls to 60 or 55 mm. It will be seen from Fig. 1 that in our 
exercising subjects there was a considerable rise in alveolar pCO, and blood 
lactate, and hence in the arterial hydrogen-ion concentration. It is therefore 
possible that a considerable anoxic stimulus existed even though the arterial 
pO, may not have fallen very much. The mechanism of this response is obscure 
since Astrém (1952) and Metz & Bernthal (1953) have shown that acapnia 
potentiates and CO, excess reduces the stimulant effects of anoxia on the respira- 
tion of anaesthetized animals. At present there is no obvious explanation for 


4 
| 4 


128 R. G. BANNISTER AND D. J. C. CUNNINGHAM 


these contradictory findings but for our purposes the experiments of Nielsen & 
Smith (1951), of Gee (1949) and of Cormack et al. (unpublished) on unanaesthe- 
tized man are more directly applicable. We may therefore conclude that the 
ventilatory response to simple oxygen lack may be quantitatively adequate 
for the present purpose. 
The arterial oxygen tension in severe exercise 

It has been known for a long time that at high altitudes the performance of 
very severe exercise results in a reduction in the saturation with oxygen of the 
arterial blood (Douglas, Haldane, Henderson & Schneider, 1912). At sea level 
the position is not so clear. Several workers reported a fall in the arterial 
oxygen percentage saturation during severe exercise (e.g. Harrop, 1919; 
Himwich & Barr, 1923). Most of these observations were based on determina- 
tions of saturation with the Van Slyke apparatus, which, as used in those days, 
gave rise to a small systematic error (Roughton, Darling & Root, 1944). The 
data are unsuitable for the present purpose since changes in oxygen tension 
rather than saturation are responsible for chemoreceptor stimulation (Comroe 
& Schmidt, 1938), and only large changes of tension can be detected by 
measuring saturation at sea level. This criticism applies to determinations 
with the oximeter and also to those reported by Asmussen & Nielsen (1946). 
The only direct measurements of arterial oxygen tension during heavy 
exercise at sea level of which we are aware are those of Lilienthal, Riley, 
Proemmel & Franke (1946), They found that it fell from 94 mm at rest to 
73 mm during three experiments on one subject who exercised at an intensity 
which was rather less than that reported in this paper. Hickam e¢ al. (1951) 
found a fall of about 2% saturation during fairly heavy exercise in eleven 
untrained subjects. This would correspond to a fall in tension of about 20 mm 
if the oxygen dissociation curve remained unchanged. However, there was 
also a considerable alteration of serum pH which may account for part of the 
change in saturation. 


The causes of anoxaemia in heavy exercise 

(a) Limitations in the rate of diffusion of oxygen across the pulmonary 
epithelium. Little can be said on this subject since we have no relevant data 
and the figures given for the diffusion coefficient of the lung (DO,) are con- 
flicting. It is agreed that the DO, is increased during exercise, but the absolute 
values are not known for certain. Marie Krogh (1914) gave figures of about 
25 at rest and 50 to 60 in moderate exercise. Boje (1933), using the same 
method, got slightly higher values at rest and figures of up to 57 in very severe 
exercise. Lilienthal et al. (1946) obtained similar figures at rest and during 
moderate exercise, but recorded a value of 75 in one subject who performed 
severe exercise of a slightly lower relative intensity than we used. On the 
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other hand, Hartridge & Roughton (1927) suggested that the CO" method 
might give low values, and Roughton (1944) pointed out that a DO, of 200 
would be required to explain the data from a single experiment of Asmussen 
& Chiodi (1941) on exercise at high altitude. The comments on this work by 
Lilienthal et al, (1946) assumed a large error in the measurement of the arterial 
percentage saturation with O, by Asmussen & Chiodi. Schmidt, Lambertsen, 
Aviado, Pontius, Barker & Moyer (1950) found that the DO, at rest was in 
excess of 60, which is more in keeping with Roughton’s calculations. Making 
reasonable assumptions for the cardiac outputs of our two subjects R.G.B. 
and D.J.C.C., almost complete equilibrium between the oxygen of the alveolar 
air and the pulmonary capillary blood would be reached if their DO,’s exceeded 
100 and 75 respectively. In the circumstances the question must be left open, 
but in either case we think that the major part of the arterial anoxaemia was 
produced by the factors considered in the next subsection. 

(6) Imperfect distribution of blood and air within the lungs. Imperfect 
distribution of the blood and air was first suggested by Haldane, Meakins & 
Priestley (19186) as a cause of arterial anoxaemia. Their views were summarized 
by Haldane & Priestley (19355). The effects of such local inequalities of air 
supply and blood flow have recently been worked out quantitatively by Riley 
& Cournand (1949, 1951). They express in terms of a complete ‘venous shunt’ 
the combined effects of local underventilation and overperfusion in parts of 
the lung proper, together with the addition of true venous blood to the blood 
in the left side of the heart, such as probably occurs through the bronchial and 
Thebesian veins. Their data suggest that this ‘shunt’ probably amounts to 
about 3°% of the total blood flow in normal subjects at rest. So far there are 
no data relating to rapidly exhausting exercise. The nature of the extremely 
efficient mechanism which probably regulates the distribution of air and blood 
to various parts of the lungs during rest is incompletely understood. It would 
not be surprising if it were to become less effective during the severe strain 
of maximal physical work. It is possible to calculate the limits within which 
such an ‘effective venous shunt’ must lie in order to produce a low arterial 
pO, with 33%, but a normal or raised arterial pO, with 66% oxygen. Certain 
numerical assumptions are made in the calculation. For the subject R.G.B., 
with an oxygen consumption of 4-4 ./min it is assumed that the mixed venous 
blood was 40% saturated with oxygen and that the oxygen capacity of his 
blood was 20 vol. %. These figures would give a cardiac output of about 
37-5 1./min, a figure which seems reasonable in view of the work of Christensen 
(1931). The blood which passed through adequately ventilated alveoli probably 
came very near to equilibrium with the alveolar oxygen. During the experi- 
ments in which 33 and 66% oxygen were breathed, it would take up oxygen 
in excess of that required to raise its pO, to 100 mm, and the surplus would be 
available to oxygenate the blood from the ‘effective venous shunt’. The relative 
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magnitude of a shunt which could be oxygenated to a pO, of 100 mm may be 
found from the equation: 
effective venous shunt (°% of 


Surplus O, (vol. %) cardiac output) 
Arteriovenous difference (vol. °%) 100— effective venous shunt (°% of 
cardiac output) 


The calculation is shown in Table 2. The dissociation curve of Courtice & 


Douglas (1947), extrapolated to high values of pO,, and the Bohr coefficients 
of solubility have been used. 


Tasie 2. Calculation of the magnitude of the ‘effective venous shunt’ which would produce 
an arterial pO, of 100 mm Hg when gas mixtures other than air are breathed 


Inspired oxygen 
33% 66% 

Alveolar pO, 100 193 428 

content of blood from normally 

Combined, HbO, % 97-5 99-69 100 

Combined, vol. % 19-5 19-95 

o%, 0-29 0-56 1-24 

Total, vol. % 19-79 20-51 21:24 
Mixed arterial O,, vol. % 19°79 19-79 19-79 
‘Surplus’ O,, vol. % 0 0-72 1-45 
O, content of mixed venous blood: 

Combined, % 40 40 40 

Combined vol. 8 8 8 

Dissolved, vol. % 0-07 0-07 0-07 

Total, vol. % 8-07 8-07 8-07 
Arteriovenous difference, vol. % 411-72 11-72 11-72 
‘Effective shunt’, % of total flow 0 5:8 110 


If the cardiac output was lower and the arteriovenous difference greater, 
a smaller shunt would suffice. Under the conditions specified, a shunt of 6° 
when air was breathed would have resulted in an arterial pO, of 67 mm which 
is a little lower than the figure found by Lilienthal e¢ al. (1946). It is therefore 
quite possible that occurrences of this type were responsible for a depression 
of the arterial pO, to levels which would produce a strong stimulation of the 
chemoreceptors. We would like to emphasize once more that this 6 % ‘effective 
venous shunt’ does not mean that 6% of the cardiac output bypasses the 
lungs altogether. The Thebesian vein component of the true shunt may well 
increase considerably, but a large part of the ‘effective venous shunt’ would 
probably be made up of blood which passes through regions of the lungs where 
the air supply is relatively deficient, but not completely absent. Such an effect 
might result from a cessation of pulmonary vasoconstrictor activity in the 


interests of the maximum possible blood flow. In this case, active regulation 
of blood distribution would cease. 
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The graded effect of 33 and 66 °%, oxygen on the ventilation 

The full effect of oxygen in reducing the ventilation was achieved with 66 % 
but not with 33% oxygen. In order to explain these findings in terms of 
arterial anoxaemia alone, the arterial pO, would have to be less than 100 mm 
even when 33 % oxygen was breathed. This would occur if the ‘ effective venous 
shunt’ were between 6 and 11% of the total blood flow, which seems rather 
large. It may be that the depression of the arterial pO,, if present at all, was 
insufficient to account for the whole of the difference between results with 
33 and 66 % oxygen. However, the difference between the blood lactate levels 
may have been sufficient to increase the ventilation considerably. To be - 
certain that this was not the cause, it would be necessary to show that the 
ventilation changed abruptly, from, for example, 85 to 75 1./min in the case of 
R.G.B. if he were switched suddenly from 33 to 66% oxygen. No such 
experiment is on record. The same considerations apply to the differences 
between 60 and 100% oxygen which were found by Asmussen & Nielsen 
(1946) but which we failed to confirm, and also to the difference between work 
with the arms alone on air and pure oxygen. It seems, therefore, that the 
effects observed may be explained tentatively in terms of known factors, 
namely arterial anoxaemia and acidosis resulting from the accumulation of 
lactate. Further experiments of the type suggested should provide an answer 
to some of the problems, and direct measurement of the arterial pO, would 
settle them all. It seems likely that a fall in the arterial pO, would affect the 
breathing by way of the carotid and aortic chemoreceptors. In addition, it 
is possible that cardiac function might be limited by anoxia, as was 
suggested by Hill et al. (19246) and this might influence the breathing. 
Little is known about the way in which such a relatively cardiac insufficiency 
would produce dyspnoea, but it would probably allow the pressures on the 
right side of the heart to rise, and this in turn might initiate reflexes from the 
great veins, right heart, or pulmonary vessels. Such respiratory reflexes have 
been demonstrated in cats by Harrison, Harrison & Marsh (1932) and by 
Megibow, Katz & Feinstein (1943), and in man by Mills (1944). 

It has been mentioned elsewhere (Bannister et al. 1954) that when the oxygen 
want of severe exertion is abolished, the pulmonary ventilation is not much 
greater than that produced by the application of an equivalent CO, stimulus 
at rest. We think that the greater part of the hyperpnoea of severe exercise 
can be explained in terms of oxygen lack, lactate accumulation and CO, excess. 
The thresholds for these are probably lowered by the rise of body temperature. 
We do not discard altogether the effects of nervous stimuli from the working 
limbs, but we think they contribute comparatively little to the ventilation in 
the steady state, though they are probably of importance in producing the rapid 
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The difference between the effects of 66 and 100% oxygen 


These experiments differ from others reported in the literature in showing 
that there is an optimum level for the alveolar oxygen tension in heavy exercise 
and that if this is exceeded performance suffers. The limits between which this 
optimum value lie have not been determined. It may be that the inhalation 
of about 50% would be sufficient to produce the benefit which resulted from 
66%, oxygen, and that the disadvantages which result from an excess do not 
become apparent until considerably more oxygen is added to the inspired air. 

The reasons for this optimum value are obscure. At rest adverse effects do 
not occur until pure oxygen has been breathed for many hours, unless the 
pressure is greatly increased. With 100° oxygen the symptoms experienced 
by our subjects were generalized rather than local. This, together with the 
fact that a small excess of lactate accumulated in the blood, suggests that the 
working muscles were not responsible. There is no reason to. think that the 
heart was adversely affected when pure oxygen was substituted for 66%. 
The load on the heart was reduced since there was probably no increase in 
the oxygen consumption and the arterial blood was carrying nearly an extra 
volume per cent of dissolved oxygen. The situation differs from that described 
by Hill et al. (19246) when they postulated a considerable increase in the 
cardiac output to explain the large increases in oxygen consumption of which 
their subjects were capable when 50° oxygen was breathed. In their experi- 
ments the intensity of the work was increased when oxygen was inhaled, while 
in ours it was kept constant. On our hypothesis oxygen lack was slight or 
absent in the two cases and the stimuli from pH and pCO, were similar. The 
chemoreceptors could scarcely have been responsible for the difference. 
Irritation of the respiratory tract by the oxygen or from the dryness of the 
gas, inhaled as it was straight from storage cylinders, cannot be excluded. 
However, when 66% oxygen in nitrogen was supplied direct from cylinders it 
did not have this effect, and in any case not all the subjects complained of 
respiratory distress. The comments of three of the subjects suggested that the — 
effect was nervous. When breathing 66°% oxygen they felt an elation which 
was strikingly absent when breathing pure oxygen. It may have been due 
partly to the absence of the expected unpleasant sensations which normally 
accompany exercise of this severity and partly to the unexpected feeling of 
enhanced physical capability. However, the known factors which produce 
distress were not increased when pure oxygen was inspired, yet the subjects 
felt depressed rather than elated. Dautrebande & Haldane (1921) noticed that 
the respiration was increased when oxygen at slightly increased pressure was 
breathed at rest and explained this in terms of a slowing of the cerebral 
circulation. Dripps & Comroe (1947) and Asmussen & Nielsen (1946) have 
reported similar findings, though Dripps & Comroe attributed them to irrita- 
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tion of the respiratory tract. Kety & Schmidt (1948) found that the inhalation 
of pure oxygen reduced the cerebral blood flow by about 13%. Lambertsen, 
Kough, Cooper, Emmel, Loeschcke & Schmidt (1953) have shown that when 
pure oxygen at a pressure of 3-5 atm is inspired by subjects at rest the slowing 
is sufficient to result in an almost normal pO, in the jugular venous blood, in 
spite of the heavy load of extra oxygen carried in solution by the arterial blood. 
As a result by no means the whole of the brain is exposed to high pressures 
of oxygen. Under these circumstances the subject usually experiences the 
convulsions of oxygen poisoning after an exposure of 1 hr. When the subject 
inspires CO, at a pressure of about 52 mm (Kough, Lambertsen, Stroud, Gould 
& Ewing, 1951), or takes mild exercise (Lambertsen, personal communication), 
the convulsions occur much earlier. CO, probably acts by increasing the 
cerebral blood flow, and thereby reducing the protection from high tensions 
of oxygen afforded to the brain by circulatory changes; Lambertsen was 
unable to show a similar increase in blood flow during mild exercise (oxygen 
consumption, 1200 c.c./min), but Kleinerman & Sokoloff (1953) found an 
increase which was almost significant when their subjects performed mild 
exercise breathing air. In our subjects breathing 100% O, at atmospheric 
pressure during very severe exercise the alveolar and probably also the arterial 
CO, tensions were considerably elevated. We would suggest tentatively that 
the adverse effects which we experienced were caused by the exposure of large 
parts of the central nervous system to abnormally high tensions of oxygen. 
If the ‘effective venous shunt’ in the pulmonary circulation, which was 
mentioned earlier, was of the magnitude suggested, the inhalation of 66% 
oxygen would not have resulted in substantial increases of arterial pO, so an 
increased circulation to the brain would have produced no ill effects. If, as 
a result of the very high arterial pO, when 100% oxygen was breathed the 
haemoglobin passing through the brain were not reduced, the buffering capacity 
of the blood for CO, would be impaired. The data of Lambertsen et al. (1953) 
are contrary to the view that oxygen poisoning results from the failure of the 
blood to transport CO,, but a modest rise in the tissue CO, pressure might 
contribute to the other adverse effects of oxygen at high pressure. There is, 
however, no positive evidence for these views; the absence of an increase of 
cerebral blood flow during Lambertsen’s experiments on exercise does not 
support them, though it must be borne in mind that the exercise was not 
comparable to that performed by our subjects. . 

These considerations bring us back to the respiratory effects of 66 and 
100% O,. It might be thought from the data of Lambertsen and his colleagues 
that the increased pO, in the blood vessels of the brain when 100% O, is 
breathed would produce a small further rise in the pCO, of the respiratory 
centre and hence a small increase in pulmonary ventilation, compared with 
the experiments using 66% O,. We did, in fact, record a small difference in 
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two subjects, but, as already mentioned, the other two subjects showed small 
changes in the opposite direction. It may be that this effect was sometimes 
masked by slight differences in other variables, e.g. the blood lactate. It is 
clear from Fig. 1 that there was no systematic difference between the respiratory 
effects of 66 and 100% 0O,. 

SUMMARY 

1. Two athletes and two non-athletic subjects ran on a motor-driven tread- 
mill up various gradients. The intensity of the work was adjusted so as to 
ensure that each individual reached his breaking point between the 7th and 
the 10th minute when he breathed atmospheric air. In other experiments he 
performed the same exercise whilst breathing 33, 66, or 100% O, 

2. Pulmonary ventilation, alveolar pCO, and pO, and blood lactate were 
measured frequently during each run. The time taken to reach a breaking 
point was also recorded. 

3. In all instances, addition of oxygen to the inspired air increased the time 
required to reach a breaking point. The performance was improved more by 
66% and 100% than by 33% 0,. 

4. With 66% O, three of the subjects did not reach a breaking point within 
23 min. The dieccanfoet which they had experienced when breathing air was 
replaced by a feeling of positive well-being. In contrast, when breathing 100% 
O, they never felt elated, and all reached breaking points within 21 min. 

5. Oxygen reduced the pulmonary ventilation and the blood lactate 
response, and allowed the alveolar pCO, to rise to higher levels. 33° O, had 
a smaller effect than 66% or 100% O,. No systematic difference could be 
detected between the effects of 66% and 100% O, on respiration. 

6. Two subjects exercised at a slightly lower intensity of work. Sudden 
changes were made in the inspired gas mixtures, from air to 66% or 33% O, 
in the course of the runs. These changes were followed extremely rapidly by 
reductions in the pulmonary ventilation and increases in the alveolar pCO,. 
Subjective improvement occurred over the space of a few breaths. On switching 
back to air, the reverse changes in the pulmonary ventilation and the alveolar 
pCO, followed very rapidly. These effects were not observed during moderate 
exercise. 

7. Reasons were presented for regarding the respiratory effects of inhaling 
high concentrations of O, as being due to the abolition of an arterial anoxaemia 
which was thought to be present when air was breathed during exercise of 
more than a critical intensity. Relief of the anoxaemia might exert its effects 
through the carotid and aortic chemoreceptors, or by improving cardiac 
function, or both. 

8. It was thought unnecessary to postulate the existence of an unknown 
respiratory stimulant liberated by muscles working under partially anaerobic 
conditions, though the possibility was not excluded. 
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9. The depressant action of 100% when compared with 66% O, was dis- 
cussed. It was tentatively suggested that it might be due to increases in the 
cerebral circulation resulting from the excess of circulating CO, and lactate. 
Such an increase would nullify the protection from the debiterioas effects of 


high-pressure oxygen afforded to the brain by the cerebral vasoconstriction 
which occurs at rest when pure oxygen is breathed. 


One of us wishes to acknowledge his indebtedness to Prof. E. G. T. Liddell for laboratory 
facilities. We are grateful to Mr T. J. Meadows and to Mr P. J. Phipps for technical assistance and 
to Mr Meadows for his careful preparation of the figures. We are also grateful to those who acted 
as subjects for the experiments. Prof. C. G. Douglas helped us with the experiments and gave 
a great deal of valuable advice in the preparation of the paper. Mr R. S. Cormack gave us valuable 
help with the experiments on CO, breathing after exercise. 
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ANTIDROMIC VASODILATATION AND BLOOD FLOW 
IN THE RABBIT’S EAR 


By 8. M. HILTON* anp PAMELA HOLTONT 
From the Physiological Laboratory, University of Cambridge 
(Received 13 January 1954) 


Recent experiments on antidromic vasodilatation in the rabbit’s ear, in response 
to a small number of volleys in the great auricular nerve, showed that the type 
of response varied from animal to animal according to the degree of vascular 
tone (Holton & Holton, 1952). In general, when the larger vessels were dilated, 
as is usual after acute sympathectomy, the response to antidromic stimulation 
was short-lived, often lasting less than a minute; on the other hand, when the 
large vessels were constricted, the response to one or two volleys might last 
for several minutes. Such prolonged responses were usually obtained in those 
preparations in which the sympathetic nerves had degenerated and the vessels 
had regained tone. In these preparations, prolonged vasodilator responses 
were also obtained on arterial injection of extract of spinal roots and of ATP 
(Holton & Holton, 1953); in contrast, injection of other vasodilator substances 
such as acetylcholine and adenosine resulted in a short-lived response. As an 
explanation of these findings it was suggested that the humoral transmitter 
which gives rise to antidromic vasodilatation acts mainly on capillaries and 
that the vasodilator substance in spinal-root extracts, now believed to be ATP 
(Holton & Holton, 1954, to be published), also acts mainly on these vessels. 
The other vasodilator drugs appear to act mainly on arterioles, or arteriovenous 
anastomoses, or both, as well as having a possible effect on capillaries. 

In order to test this hypothesis, it is not sufficient only to use a method 
which responds predominantly to changes in the calibre of capillaries such as 
the photocell method of Holton & Perry (1951). It is necessary to use at the 
same time a method, such as measurement of blood flow, which indicates 
changes in calibre of the large vessels on the arterial side. This paper describes 
experiments in which both the venous outflow of blood from the ear and 
changes in light transmission have been recorded simultaneously. The findings 
of Holton & Holton, and their explanations of them, have been confirmed and 
extended. 


* Present address: National Institute for Medical Research, Mill Hill, London, N.W.7. 
t Foulerton Research Fellow of the Royal Society. 
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METHODS 


The experiments were performed on white rabbits with healthy white ears. Urethane was given 
intravenously until the flexor reflex was abolished, more being given later in the experiment if 


necessary. 

At the base of the ear the three main veins converge to form the auricular vein. This vein and 
the external jugular vein were freed and prepared for cannulation. The great auricular nerve was 
cut and put in a fluid electrode for stimulation. When local arterial injections were to be made, the 
facial artery was cannulated, all other branches of the common carotid artery apart from the 
auricular artery being tied. For some experiments, the ipsilateral stellate and superior cervical 
ganglia had been removed by sterile operation under pentobarbitone anaesthesia at least 5 days 
previously. In the others, the cervical sympathetic nerve was sectioned during the course of the 
immediate preparation. 

After heparin (1000 units/kg) had been given intravenously, the auricular and external jugular 
veins were cannulated with polyethylene tubing, the blood being passed from the auricular vein 
through a drop-chamber (Hilton, 1952) and back into the animal by the external jugular vein. 
The rate of flow was recorded using a Gaddum drop-timer. The changes in the amount of blood 
in the ear were recorded by the photocell method of Holton & Perry (1951), modified so as to 
render the records from different experiments closely comparable. This modification, other details 
of the preparatory operation and the characteristics of electrical stimulation have already been 
described (Holton & Holton, 1952). Arterial injections were made in 0-1 ml. of saline (0-9% NaCl), 
as previously described. Intravenous injections were made into a cannula in a femoral vein. 

Extracts of dorsal and ventral roots were freshly prepared by boiling solvent-extracted powders 
with saline, as described by Holton & Holton (1954, to be published). In some experiments similar 
preparations were made from caudate nucleus, which also contains the vasodilator substance 


- typical of the spinal roots (Harris & Holton, 1953, and unpublished observations). 


RESULTS 
Antidromic vasodilatation 
In describing our results the term ‘vasodilatation’ will be used only for the 
appropriate change on the photocell record. A change in the venous outflow 
will be denoted as an increase or decrease in flow. 

The differences in response, according to the degree of vascular tone, are 
shown in Fig. 1. Record (a) was obtained in a preparation in which the resting 
level of blood flow was rapid (120 drops/min), the sympathetic supply having 
been interrupted at the beginning of the experiment. A single antidromic 
volley in the great auricular nerve produced an increase in blood flow (upper 
record) during the period of vasodilatation recorded by the photocell (lower 
record). In contrast, (c) illustrates a similar experiment performed on a rabbit 
in whose ear the larger blood vessels were constricted. The venous outflow was 
much slower (20 drops/min) and was unaltered by the antidromic vasodilata- 
tion resulting from a single volley in the great auricular nerve. Fig. 1(6) 
illustrates the most common result. The venous outflow was intermediate and 
was slightly increased during antidromic vasodilatation. The slow venous out- 
flow of Fig. 15 and c was typical of preparations in which the sympathetic 
supply to the ear had degenerated. 
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These results show that antidromic vasodilatation resulting from brief 
stimulation occurs in vessels which do not affect the blood flow as long as the 
arteriolar tone is high, but which have an increasing effect on flow as the 


(a) (b) (c) 


Fig. 1. Upper record: venous outflow (Gaddum drop-timer). Lower record: blood thickness 
(photocell method). Responses of the blood vessels of the rabbit’s ear to single antidromic 
volleys in the great auricular nerve, showing the effect of arterial tone. Observations from 
three preparations with different degrees of tone, as indicated by (a) fast, (6) medium and 
(c) slow rates of venous outflow. 


arteriolar tone diminishes. This suggests that the capillary bed is the site of 
the dilatation. When the tone of the small arteries and arterioles is high, the 
main resistance to flow is in these vessels, but when their tone is low, the 
capillaries beyond them can probably exert some control on the rate of flow. 

It must be emphasized that all the responses described in this paper were 
obtained with a small number of volleys. Tetanic stimulation, which is known 
to affect arterioles and even arteries, leads to a vasodilatation that is always 
accompanied by an increase in venous outflow. 

Eservne. The findings just described show that measurements of blood flow 
are not a reliable indication of the presence or extent of antidromic vasodilata- 
tion. This fact could account for the different results obtained with eserine on 
antidromic vasodilatation according to the method used to observe it. For 
example, Wybauw (1938) recorded changes in skin temperature which are 
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dependent on changes in blood flow, and found that, after administration of 
eserine to the unanaesthetized rabbit, the basal temperature level was raised 
and the response to antidromic nerve stimulation was enhanced. However, in 
rabbits under urethane, the photocell method consistently shows smaller 
dilations after eserine (Holton & Perry, 1951; Holton, 1953). The augmenta- 
tion of response observed by Wybauw may be explained by the increase in 
basal level of blood flow which occurred in his experiments after the injections 
of eserine. Wybauw used rabbits whose ears had been sympathectomized and 
he stated that the ear vessels presented such high tone after chronic sympa- 
thectomy that prolonged electrical stimulation was needed in order to obtain 
antidromic vasodilatation. Thus his preparations were of the type used to 
obtain the responses in Fig. 1b and c. Eserine altered the state of the prepara- 
tion by increasing the baseline temperature (i.e. the blood flow) which, as 
shown in Fig. 1a, would cause antidromic vasodilatation of the same extent 
to have a greater effect on the blood flow. The enhancement of the temperature 
response to antidromic stimulation which Wybauw described, having probably 
been brought about by the initial action of eserine on the larger vessels, cannot 
therefore be used as evidence for a cholinergic mechanism of antidromic 
vasodilatation. 

We have tried to test this interpretation experimentally on anaesthetized 
rabbits with chronically sympathectomized ears, but did not find that eserine 
caused an increase in the basal level of blood flow. The flow continued at a slow 
rate, even when the eserine was given arterially in order to minimize the fall 
in blood pressure, Further, as seen in Fig. 2, eserine reduced the extent of 
antidromic vasodilatation, which still occurred without any accompanying 
alteration in blood flow. The differences between our observations and 
Wybauw’s may be accounted for by the fact that his animals were not 
anaesthetized. This would make it impossible for us to test by our methods 
our explanation of his findings, but the fact remains that any substance which 
caused a persistent increase in blood flow by a reduction of arteriolar tone 
would enhance the flow response to antidromic stimulation. 


Extracts of spinal roots and caudate nucleus 


In most experiments the effects of antidromic stimulation, both on vaso- 
dilatation and blood flow, could be imitated by arterial injection of extracts of 
dorsal roots, ventral roots or caudate nucleus. When the blood flow was slow, 
the extracts caused little if any increase in it; this is illustrated in Fig. 3. 
However, a blood flow that was initially rapid was increased further, both by 
an injection of extract and during antidromic vasodilatation (Fig. 4). There 
were experiments, however, in which differences were observed. In some, the 
vasodilatation in response to arterial injection of extract was accompanied by 
a greater effect on the flow than a similar dilatation produced by antidromic 
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stimulation. Occasionally the extracts produced a diphasic vasodilatation, 
the first phase being accompanied by an increase in venous outflow (Fig. 5) 
even in preparations with constricted vessels. 

SOpg eserine 500 ug eserine 


Venous outflow (drops/min) 


A B Cc 


Fig. 2. Records of venous outflow and blood thickness in a preparation with high arterial tone. 
The effect of intravenous eserine on the response to a single antidromic volley. 50 ug eserine 
salicylate was injected between A and B; 
B and C. 


DISCUSSION 


In interpreting our results, we have assumed that the basal level of venous 
outflow from the rabbit’s ear is a measure of the extent of tone in the smallest 
arteries, arteriovenous anastomoses and the arterioles. In ears through which 
the blood flow is slow the arteriovenous anastomoses are not visible and all the 
larger vessels are constricted. We have no direct information concerning the 
arterioles, but accept the usual view as enunciated, for instance, by Lewis 
(1927) that these vessels are also constricted. 

The implication of this view is that the rate of flow is ordinarily regulated 
by alterations in the calibre of these vessels, and there is good experimental 
evidence in support of this conclusion. It is not likely that alterations in the 
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size of veins will distort the venous outflow records sufficiently to affect their 


interpretation, and we have therefore referred to these records as measures of 
blood flow through the rabbit's ear. 


Venous outflow (drops/min) 


* Time (min) Time (min) | 
A 


A B 


Fig. 3 Fig. 4 
Fig. 3. Records of venous outflow and blood thickness in a preparation with high arterial 
tone. A: three antidromic volleys; B: extract of 2 mg dorsal root powder injected arterially . 


Fig. 4. Records of venous outflow and blood thickness in a preparation with low arterial tone. 
A: three antidromic volleys; B: extract of 0-2 mg caudate nucleus powder injected arterially. 


The photocell method, on the other hand, shows changes in the amount of 
blood in the ear, and responds predominantly to changes in the state of the 
capillaries. When vasodilatation occurs the absorption of light increases 
logarithmically with the total thickness of blood in the optical section, 
irrespective of the manner of its distribution ; but the light loss due to scattering 
is greater the smaller are the vessels in which the blood is contained (Evans, 
1944). Thus the resultant galvanometer deflexion, which is linearly related to 
the light intensity incident on the photocell, is greater when produced by 
capillary dilatation than by a similar increase in blood volume occurring in 
larger vessels. 

In previous experiments with histamine (Hilton & Holton, 1952) in which 
the two methods were used together, the results obtained were those to be 
expected on theoretical grounds. It is known, for instance, that the arteries of 
the rabbit’s ear constrict and the capillaries dilate after arterial injection of 
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histamine (Feldberg, 1927), and in our experiments the venous outflow was 
reduced while the photocell method showed an increase in blood thickness. It 
is therefore justifiable to conclude that, in the experiments in which antidromic 


stimulation resulted in a decrease in transmitted light intensity without any 


change in blood flow, dilatation had been produced in the capillary bed and, 
further, that antidromic vasodilatation in response to a few volleys in the 
sensory nerve is confined to these vessels. 


Vasodilatation ——> 


Time (min) 
A B 


Fig. 5. Records of venous outflow and blood thickness. A: one antidromic volley; 
B: extract of 2 mg dorsal root powder injected arterially. — 


When the tone of the arterial vessels in the ear is low, a capillary dilatation 
of the same extent is accompanied by an increase in blood flow. This shows 
that when the arteries and arterioles are widely dilated, the capillaries present 
the main resistance to flow. The extent of the dilatation achieved by acute 
sympathectomy certainly represents an extreme case which would be a rare 
event in the normal animal, but the fact that capillaries can have such a 
marked effect on blood flow shows that it is a mistake to regard them solely 
as vessels which regulate the distribution of blood within an organ. This con- 
clusion is in accordance with the observations of Dale & Richards (1918), who 
also suggested that capillaries may control blood flow in certain conditions. 
Lewis (1927) and Lewis & Haynal (1928) bring forward evidence to show that 
the capillaries of normal human skin, when made to contract vigorously by 
adrenaline or mechanical stimulation, can withstand a distending pressure of 
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80-100 mm Hg. These workers do not think that such vessels ordinarily with- 
stand pressures of this order, and they found that even the vessels treated with 
adrenaline begin to give way after being subjected to such pressures for several 
minutes. Lewis felt, however, that the capillaries could exert some small 
measure of control over the rate of blood flow through the skin. Our results 
show that the capillaries can, to a certain extent, continually withstand the 
raised pressure to which they are subjected immediately following a local 
sympathectomy. 

In a beautiful series of experiments on the cat’s paw, Langley (19234, b) 
demonstrated that antidromic vasodilatation occurred only in the capillaries 
even after prolonged electrical stimulation of the dorsal roots. At the same 
time, it was shown that in the rabbit’s ear, too, the smallest vessels were 
involved in antidromic vasodilatation. As a result of direct observation of the 
vessels, Feldberg (1926) stated that the capillaries reacted earlier and remained 
dilated longer than the larger vessels, and Doi (1920) and Krogh, Harrop & 
Rehberg (1922) also noted a predominant response of the capillaries. In the 
experiments of these workers, the responses spread to the larger vessels since, 
in the absence of sufficiently sensitive apparatus, prolonged nerve stimulation 
was necessary to produce a response large enough to be observed. But it was 
clear that the capillaries were peculiarly sensitive to antidromic nerve 
stimulation. 

Our experiments indicate that, in the rabbit’s ear, the capillaries are the 
only vessels to respond, provided that the nerve stimulation is brief. Two 
factors may account for this: (1) the vasodilator substance may be liberated in 
the capillary bed at a distance from the larger vessels, and (2) the capillaries 
may be more sensitive to the substance. Since arteriolar dilatation is brought 
about by a relaxation of smooth muscle, while capillary dilatation must be 
produced in a different way which may involve the shrinkage of the endothelial 
cell nuclei (Krogh, 1922), it would not be surprising to find such a difference 
in sensitivity. 

The similarity of the effects on blood flow and capillary size of antidromic 
stimulation and of arterial injection of extracts of spinal roots and caudate 
nucleus was observed in ears with slow flow and quick flow. This shows that 
the vasodilator substance in the extract acts in the same way as antidromic 
stimulation, i.e. predominantly on the capillaries. The slight difference in 
response observed in some of our experiments may be due only to the difference 
between arterial injection and liberation from diffuse nerve endings in the skin. 

The electrical stimuli used in our experiments give results which probably 
correspond more to the way in which sensory nerve fibres can normally act 
antidromically in an axon reflex than does the prolonged stimulation used by 
most previous workers. It is likely that the normal stimuli which are con- 
tinually acting on sensory nerves in the skin give rise to some impulses 
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returning along axon branches, and that the amount of vasodilator substance 
continually liberated in this way is probably so small as to affect the capillaries 
only. Thus, a normally intact sensory innervation will maintain a certain 
degree of ‘vasodilator tone’, at any rate so far as the capillaries are concerned. 
It follows that the capillary tone should become unduly high when the sensory 
innervation degenerates, and this, indeed, is known to occur. This vascular 
effect: of the sensory innervation is no doubt the basis of its so-called trophic 
influence (see Grant, 1935). 

It is not known whether impulses travel out from the spinal cord along 
dorsal root fibres to produce centrally controlled antidromic vasodilatation. 
Recent work on the problem (see Feldberg, 1954, for references) appears to 
show that this does not occur, but such work has, for the most part, been 
carried out with methods which are not suitable for observing changes in the 
state of the capillaries. Since antidromic vasodilatation affects these vessels 
primarily, such negative results do not exclude the possibility that dilatation 
of the capillaries may be produced antidromically via the central nervous 

m. 

It is also not surprising that antidromic vasodilatation cannot be readily 
obtained in perfusion experiments, since it is known that the physiological 
behaviour of capillaries is quickly upset unless the fluid perfusing them is 
‘closely akin to normal blood (Davson, 1951). 


SUMMARY 


1. Two methods have been used simultaneously to study vascular changes 
in the rabbit’s ear in response to antidromic nerve stimulation. The photocell 
method, which is particularly sensitive to changes in the calibre of the 
capillaries, showed antidromic vasodilatation in all preparations. The blood- 
flow method showed an increase in flow only in those preparations with little 
initial tone in the larger vessels, i.e. in those with a high basal rate of flow. 

2. It is concluded that antidromic vasodilatation in response to brief 
electrical stimulation is confined to the capillaries and, further, that these 
vessels can exert some control on the rate of blood flow when arteriolar tone 
is low. 

3. The vasodilator responses to arterial injection of spinal root extract 
resembled antidromic vasodilatation on both records and in all preparations. 

4. The advisability of using a method sensitive to capillary changes when 
studying antidromic vasodilatation is emphasized. 


This work was carried out during the tenure of a personal grant from the Medical Research 
Council to 8. M. Hilton, and a Beit Memorial Research Fellowship by Pamela Holton. The expenses 
were met by a grant from the Medical Research Council. 
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THE EFFECT OF INSULIN ON EMBRYONIC LIMB-BONES 
CULTIVATED IN VITRO 


By J. M. CHEN 


From the Strangeways Research Laboratory, Cambridge, and the 
Department of Biochemistry, University of Cambridge 


(Recewed 16 January 1954) 


The possibility that hormones which are known to affect the growth of tissues 
when administered to the living animal will similarly influence the organized 
growth of tissue fragments cultivated in vitro is an attractive one. The present 
study was undertaken as part of a general investigation to determine whether 
hormones which influence tissue growth in the intact animal will induce 
similar effects on organ cultures in vitro (see Fell, 1953, for a discussion of the 
present position with respect to such im vitro studies). 

Study of the growth-stimulating action of the anterior pituitary growth 
hormone on the intact animal has led to the view that the secretion uf endo- 
genous insulin is an indispensable concomitant of this action (see Young, 1953), 
and indeed the administration of insulin alone is able to produce substantial 
tissue growth in the hypophysectomized rat (Salter & Best, 1953). The present 
study was therefore undertaken to ascertain if a similar action of insulin could 
be produced on organized growth in vitro. 


METHODS AND MATERIALS 
Tissue culture technique 
The watch-glass method (Fell & Robison, 1929; Fell, 1951), as modified by Fell & Mellanby 
(1952), was used. The culture vessel was a watch-glass enclosed in a Petri dish carpeted with 
a thin layer of cotton-wool soaked with distilled water; trans-illumination was made possible by 
a circular hole cut in the centre of the cotton-wool. Two or three explants were laid on the clot of 
medium formed in the centre of the watch-glass. 


(1) The medium 

(a) Embryo extract. This was prepared freshly for each cultivation or subcultivation, from whole 
chick embryos of 12-14 days’ incubation. The embryo was first cut into pieces, washed with 
Tyrode’s solution to free it from blood and yolk, and finally ground into a fine pulp which was 
diluted with an equal volume of Tyrode’s solution and centrifuged for 5 min. The yellowish 
turbid supernatant was then ready for use. 

(6) Plasma, Young cock’s blood was shed into a paraffin-coated and ice-cooled centrifuge tube 
and centrifuged immediately. The plasma obtained was kept at 0° C ready for use. Hormones to 
be tested were usually added to the plasma which was never kept for more than a week. 
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(c) The addition of hormone. Insulin (Boots Pure Drag Co. Ltd.) was dissolved in 0-003"-HCl 
_ to give @ concentration of 15 unite/ml.; this solution was added to the plasma to make a final 
concentration of 0-22 unit/ml. plasma. An identical amount of the solvent, 0-003N-HCl, was 
added to the plasma used for all controls without insulin. 

(d) The final culture medium. (i) The standard medium was composed of three parts of fowl 
plasma mixed with one part of embryo extract; thus when insulin was added, it had a final 
concentration of 0-16 unit/ml. of medium. Each clot contained 12 drops of medium for the initial 
culture, increased to 16 drops for the first subcultivation and to 20 drops for subsequent passages. 
(ii) Embryo-extract-free medium. In some experiments, in which it was found necessary to omit 
the embryo extract, thrombin was used to clot the plasma. Instead of one part of embryo extract, 
one part of Tyrode’s solution containing 0-33% thrombin was added to three parts of plasma. 
Thus the final clot contained the same concentration of insulin as the medium with embryo 
extract. 


(2) The explants 

Chick embryos were removed from the egg after 6-7 days’ incubation and the limb-buds were 
_ detached from the trunk. The humerus, ulna and radius from the wing and the femur and tibia 
from the leg were dissected out in Tyrode’s solution, washed first with several changes of Tyrode’s 
solution and finally placed in a diluted embryo extract (one part embryo mince plus two parts 
Tyrode’s solution), When embryo extract-free medium was used, however, this final change to 
diluted embryo extract was omitted. The explants were laid on the clot with a wide pipette and 
any surplus fluid (diluted embryo extract or Tyrode’s solution) was then removed from the tissue 
with a very fine pipette. 


(3) Subcultivation 

The explants were subcultivated every 48 hr. The rudiments were freed of excessive outgrowth, 
removed from the clot, washed in Tyrode’s solution, rinsed with diluted embryo extract (or Tyrode’s 
solution in the case of embryo-extract-free medium) and transferred to new medium. The explants 
were orientated with the previous upper surfaces downwards; this manipulation was made in 
every subcultivation so that the two surfaces were alternately in contact with the medium. 


(4) Measurement 

With the aid of a camera lucida, drawings of a known magnification were made of all the explants 
at the beginning of the experiments, i.e. after 1-2 hr incubation to allow for the initial shrinkage 
of the tissue, and at intervals during growth, usually just before each subcultivation. The length 
of the bones in these drawings and also the width of their ends, were measured with the help of 
a flexible ruler. The average length and width of the five different rudiments at different intervals 
of cultivation were calculated. When necessary, the standard deviation (s) of the difference 
between the average of control and treated groups was also calculated according to the formula 


from which Student's ¢ value=" can be calculated. The significance of the difference was 


determined by comparing the calculated ‘t’ to the value of ‘t’ corresponding to the probability 
P =0-05 (Davies, 1947). 
Histological technique 

The explants were fixed either in 3-4 % acetic Zenker’s fluid or in Carnoy’s solution, and were 
embedded in ester wax or paraffin wax. Serial sections were cut at 84 and stained with Delafield’s 
haematoxylin and chromotrop 2R. In certain experiments, alternate slides were stained with 
0-5 % toluidine blue in 5% alcohol; a very dilute solution of 0-005 % toluidine blue was also used 
with very good results. 
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RESULTS 


I. The rudiments at the time of explantation 

When first isolated from an embryo of about 6 days’ incubation, the indi- 
vidual bone rudiments were all clearly recognizable, those of the leg skeleton 
being slightly more developed than those of the wing and the proximal 
elements being more advanced than those more distal. Usually chondro- 
blastic hypertrophy was distinct in the femur and humerus, and had just 
appeared in the tibia, radius and ulna; a two-layered periosteum had 
differentiated round the middle segment of the shaft in the femur and humerus 
but ossification had not yet begun. There was of course some variation in the 
degree of development attained by embryos of the same age, but it was con- 
sidered unimportant, because in the present experiment the effect of the 


hormone was tested by comparing each treated rudiment with its pair-mate 
control. 


Il. The effect of insulin on rudiments grown in plasma and embryo extract 

Thirty-eight pairs of explants were grown; one of each pair was cultivated in 
normal medium as a control and the other in the same medium to which 
0-16 unit/ml. of insulin had been added. In a few experiments, insulin in 
a weaker concentration, i.e. 0-016 unit/ml. or 0-0016 unit/ml. of medium was 
also used, but no effect was observed for reasons which will be mentioned later 
(see p. 156). 

(a) The development of the controls in normal medium. As previously 
described (Fell & Robinson, 1929; Fell & Mellanby, 1952) the rudiments grew 
and developed very well in culture; they elongated to several times their 
original length and often assumed a remarkably normal shape (Text-fig. 1). 
Soon after explantation the soft tissue attached to the cartilage proliferated 
actively and formed a capsule of organized connective tissue. In the shaft, 
hypertrophy of the cartilage cells spread towards the ends of the diaphysis; 
beyond the hypertrophic region, the zones of flattened cells developed and 
were clearly demarcated from the small-celled epiphyses. The thin layer of 
periosteal tissue around the middle of the shaft thickened and extended 
towards both ends, while a fairly thick sheath of periosteal bone was deposited 
on the diaphyseal cartilage which, however, was not excavated as it is in ovo. 
Histological examination confirmed the observations made on the living 
cultures and showed that the tissue was in a healthy state after 10 days in vitro 
{the longest period of cultivation). 

As described on p. 149, the lengths of the rudiments were calculated from 
serial camera lucida drawings, and the average values were plotted against 
time (Text-fig. 2.4). These growth curves show that the rudiments elongated 
rapidly, and after 8-10 days’ cultivation had reached 3-3} times their original 
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length; a fairly constant rate of growth was maintained throughout this 
period, though a slight slowing of the rate may be noticed in the femur and 
tibia after 4 days’ cultivation. 


9 days 
Normal + Insulin 
Text-fig. 1. Camera lucida drawings of living humeri from a 6-day chick embryo, one grown in 
control medium (embryo extract + plasma) and the other in medium to which 0-16 unit/ml. 
insulin had been added. During 9 days’ cultivation, the humerus in control medium elongated 
from 1-33 to 5-92 mm and developed a fairly normal shape. That in medium containing insulin 
did not grow so much in length but its ends enlarged to a greater extent than in the controls. 
The shorter shaft also became bent. Section of these explants are shown in PI. 2, figs. 1-4. 


(6) The effect of insulin on the explants. When insulin was added to the 
medium, the rudiments grew at a normal rate for the first 48 hr and did not 
differ much in shape and differentiation from their controls. After this stage, 
however, the shafts and in some explants, the entire rudiments elongated 
more slowly than in the controls, while the two ends became abnormally 
large. The thick periosteal layer which developed during the first 2 days of 
cultivation but which in the controls thinned after 3-4 days owing to the 
lengthening of the diaphysis, persisted in these insulin-treated explants; an 
abnormally thick layer of bone was sometimes deposited if the rudiments 
were on the point of ossifying when first explanted. Despite the shortness of 
the shaft and the thick bone collar, at subcultivation it was found that the 
rudiments were softer to the touch and more flexible than the controls in 
normal medium. They were also less readily separated from the surrounding 
connective tissue which grew more profusely than in the controls (cf. Latta & 
Bucholz, 1939; Leslie & Davidson, 1951) and seemed to cling to the explants. 

After 5-6 days the enlargement of the terminal cartilage had greatly 
increased and the shaft had often become bent, as if in response to the pull of 
the connective tissue on the abnormally flexible cartilage (Pl. 1, fig. 1). There 
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was little further elongation of the shaft and the short collar of periosteal bone 
seen in many of the explants had become very thick, especially on the concave 
side of the diaphysis. The rudiments were now enclosed by a very broad 
capsule of connective tissue. In some explants, especially in the radius, a 


Average length (mm) 


Time of cultivation (days) 


Text-fig. 2. The effect of insulin on the average length of the bone-rudiments cultivated in vitro. 
A, explants cultivated in medium containing embryo extract; B, explants cultivated in 
medium without embryo extract. O—O, control; @—®, insulin-treated. 


second shaft had begun to form alongside the original one. This was first 
observed as a thin rod of chondrogenic tissue running parallel to the main 
shaft; subsequent hypertrophy of the cartilage cells in the secondary shaft 
was often followed by periosteal ossification. 

When the explants were fixed after 8-10 days in vitro, their histological 
structure was found to differ in several respects from that of the controls 
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(Pl. 2, figs. 1-4). The most obvious difference was the imperfect differentiation 
of the cartilage into the three zones which were so distinct in the controls, 
i.e. the epiphyses, intermediate zones of flattened cells and the hypertrophic 
region of the shaft. The epiphyses of the treated rudiments, though abnormally 
‘ large, seemed almost normal histologically, except that the small, round cells 
were rather irregularly distributed in the matrix. The zone of flattened cells, 
however, was either very poorly defined or entirely absent, so that the 
epiphyses merged imperceptibly with the shaft. The diaphyseal cells never 
passed beyond the early stage of hypertrophy; they were smaller and more 
irregular in shape than those in the control shafts and their capsules were ill 
defined (cf. Pl. 2, figs. 3, 4); some were beginning to degenerate. The amount 
of periosteal bone present was very variable, and seemed to depend on the 
stage of histogenesis of the rudiments at the time of explantation. Rudiments 
in which chondroblastic hypertrophy was well advanced, such as some of the 
femora, tibiae and humeri, produced much periosteal bone in culture so that 
their short shafts were often invested by a very thick osseous layer. On the 
other hand, in all the ulnae and radii and in some of the humeri, tibiae and 
femora which were less advanced, periosteal ossification was inferior to that in 
the controls. In extreme cases, the rudiment was entirely devoid of periosteal 
ossification and remained a uniform mass of cartilage, of which the only 
morphological feature was the enlargement of the ends (Pl. 3, figs. 1-4). 
Sections stained with toluidine blue showed that throughout the treatment of 
the rudiments, the cartilage matrix stained less intensely than in the controls. 
Graphs (Text-fig. 2.4) made from the serial camera lucida drawings of the 
treated and control explants showed that the effect of insulin on the growth 
in length of the different rudiments was not uniform. The reduction in length 
was great in the tibia and humerus, slight in the femur and hardly noticeable 
in the ulna. In the radius, the treated rudiments were even slightly longer 
than the controls. On the other hand, the enlargement of the epiphyses due 
to insulin was clearly shown in all the rudiments. Table 1 gives the average 
maximum width of the epiphyses of all the bones; there is a statistically 
significant increase in the treated rudiments as compared with the controls. 


III. The effect of insulin on explants cultivated in medium without embryo 
extract 

The results reported above showed that insulin had a pronounced effect on 
the development of bone-rudiments in vitro, but it is desirable to study the 
action of a hormone under the simplest possible conditions. For this reason 
it was decided to omit embryo extract from the culture medium, since of the 
two components of the nutrient, the embryo extract is the more complicated. 
For the following experiments, therefore, plasma alone was used and, as 
described on p. 149, was clotted by the addition of a little thrombin. It was 
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found that such a clot would permit fairly good growth and development of 
the explants, and the effect of insulin was studied again on rudiments 
cultivated in this simplified medium. 

Fifty-five pairs of explants were grown; one of each pair was cultivated on 
a plasma clot as a control, and the other on the same medium to which 
0-16 unit/ml. of insulin had been added. 


TaB_E 1. The effect of insulin on the average width (in mm) of the two ends of the bones 
cultivated in medium with embryo extract 


Proximal end Distal end 
No. of r A —- 
Bone pairs Days Control Insulin A r Control Insulin A P 
Femur 7 0 0-65 064 -001 0-03 0-79 0-79 0 0-04 
2 0-91 1-01 0-10 0-08* 1-06 1-20 0-14 0-16* 
4 1-05 1-36 0-31 0-13** 1-31 1-59 0-28 0-21* 
6 1-26 1-63 0-37 0-15** 1-57 1-89 0-32 0-19** 
8 1-48 1-79 0-31 0-25* 1-81 2-13 0-32 0-24** 
Tibia 7 0 0-65 0-01 0-75 0-73 -0-02 0-03 
2 1-08 1-26 0-18 0-14* 1-02 1-18 0-16 0-13* 
4 1-35 1-57 0-22 0-18* 1-28 1-52 0-24 0-15** 
6 1-67 1-90 0-23 0-21* 1-48 1-76 0-28 0-17** 
x 1-94 2-21 0-27 0-20** 1-79 2-01 0-22 0-14** 
Humerus 8 0 0-77 0-74 -0-03 0-05 0-71 0-68 -0-03 0-08 
2 1-07 1-18 0-11 0-10* 1-02 1-13 0-11 0-12* 
4 1-23 1-49 0-26 0-16** 1-21 1-46 0-25 0-19** 
6 1-45 1-72 0-27 0-22** 1-41 1:74 0-33 0-24** 
s 1-74 1-98 0-24 0-23* 1-58 1-91 0-33 0-20** 
Ulna 8 0 0-42 0-39 -0-03 0-07 0-39 0-38 -00l1 0-05 
2 0-57 0-67 0-10 0-07** 0-59 0-69 0-10 0-07** 
4 0-76 0-93 0-17 0-15* 0-73 0-93 0-20 0-08** 
6 0-88 1-22 0-34 0-14** 0-91 1-28 0-37 0-16** 
8 1-13 1-44 0-31 0-16** 1-07 1-48 0-41 0-28** 
Radius 8 0 0-30 0-29 -00l 0-03 0-33 0-33 0 0-04 
2 0-43 0-48 0-05 0:44 0-55 0-11 0-08** 
4 0-52 0-68 0-16 0-07** 053 0-73 0-20 0-14** 
6 0-59 0-86 0-27 0-11** 0-59 0-95 0-36 0-16** 
8 0-79 1-12 0-33 0-29* 0-72 1-10 0-38 0-18** 


8=standard deviation of the difference (A). 
* —P—5-1%; difference significant. 
** —P<1%,; difference highly significant. 


(a) The development of the controls in plasma without embryo extract. The 
controls had a lower growth rate than those cultivated in plasma and embryo 
extract (cf. Text-fig. 24, B) and attained a smaller maximum size. The less 
vigorous growth in plasma alone was also shown by the smaller outgrowth 
from the surrounding connective tissue and by the appearance of degenerating 
cells in the rudiments towards the end of the culture period. Morphologically, 
however, the explants developed surprisingly well and acquired a fairly normal 
shape and histological structure. It may be concluded that the rudiments 
grown on plasma clot behaved very much like those on plasma and embryo 
extract apart from a slight reduction in size. 
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(6) The effect of insulin in the absence of embryo extract. The omission of 
embryo extract from the medium greatly enhanced the effect of insulin on 
the explants, and the difference between control and treated groups became 
obvious after only 2 days’ cultivation. The growth in length of all rudiments 
was uniformly delayed (Text-fig. 2B), their ends were very much enlarged 
(Table 2), and the bending of the shaft and the distortion in shape were also 


TasLE 2, The effect of insulin on the average width (in mm) of the two ends of the bones 
cultivated in medium without embryo extract 


wae Proximal end Distal end 
oO. A tk. 
Bone pairs Days Control Insulin A Control Insulin A 
Femur ll 0 O70 004 O88 087 -001 0-03 
2 0-87 095 008 0-10°* 1-08 
4 1-06 129 O23 0-19%* 1-29 150 0-21 0-13** 
6 1-18 146 O28 035* 1-54 178 024 # £0-16** 
8 1-35 159 O24 0-23°* 1-74 1-91 0-17 
Tibia ll 0 O81 0-82 001 075 O74 -0O01 
2 1-08 120 O12 008** 0-99 110) 0-06** 
4 1-34 155 021 0-13** 1-23 144 06-21 0-10** 
6 1-60 184 O24 O19** 1-43 172 O29 
8 1-79 196 O17 0-18** 1-62 186 024 £0-20°* 
Humerus ll 0 O92 0-01 087 O87 0-04 
2 1-13 1-22 008 110 123 O18 £005** 
4 1-30 145 O15 #£«0-19%* 1-24 149 O25 008** 
6 1-45 1-67 0-22 0-16%* 1-39 1-70 0-31 0-10** 
8 1-63 1856 022 1-58 187 O29 
ll 0 O41 0-41 0 039 4640038 -001 0-03 
2 0-61 072 O11 0-14** 058 671 0-13 009** 
4 0-76 100 «60240 O18** 0-74 100 026 #£012** 
6 0-86 1-17 0-31 0-16** 0-92 1-21 0-29 @ 0-10** 
8 1-05 132 0-27 0-16** 1-08 140 O32 # £015** 
Radius ll 0 031 032 001 002 O30 oO31 001 
2 0-42 054 O12 £40-06** 056 O13 0-06** 
4 0-53 0-74 O21 0-16** 052 083 O31 015** 
6 0-55 090 O35 0O19°* 057 O99 042 #4«20-18** 
8 0-62 100 O88  0-26** 0-63 114 $0651 0-25** 


¢=standard deviation of the difference (A). 
* =—5-1%; difference significant. 
** =P <1%,; difference highly significant. 


very striking (Text-fig. 3, cf. Text-fig. 1). These differences became more and 
more pronounced as cultivation continued (Pl. 1, fig. 2), and after 8 days the 
average length of insulin-treated explants was only 65-80% of that of the 
controls, 

The incidence of a double shaft was higher than in the full medium. 
Completely formed double shafts were found in 16% of this set of explants as 
against 9° in the full medium. Two-thirds of these double shafts were 
observed in the radii. Partially formed double shafts were also noticed in 
another 27% of the explants, as against 10% of those grown in the full 
medium. In certain cultures, the second shaft appeared as an additional strip 
of chondrogenic tissue beside the main shaft, while in others the chondrogenic 
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tissue migrated down from the two epiphyses towards the centre and fused to 
form the extra shaft. Transverse sections of the explants which developed this 
abnormality showed that both the extra and the main shafts had complete 
periosteal sheaths of their own (PI. 3, fig. 5). 


6 days 
8 days 
Normal + Insulin 


Text-fig. 3. Camera lucida drawings of living humeri from a 6-day chick embryo, one grown in 
control medium (plasma clot) and the other in medium to which 0-16 unit/ml. insulin had 
been added. During 8 days’ cultivation, the humerus in control medium elongated from 
1-33 to 3-99 mm and acquired a fairly normal shape. The diaphysis of the explant in medium 
containing insulin did not elongate appreciably but the ends greatly enlarged. 


In a few experiments, the effect of a smaller dose of insulin was tried; 
sixteen pairs of rudiments were treated with ,4, of the original dose, i.e. 
0-016 unit/ml. and eleven pairs with ;},5 of the original concentration, i.e. 
0-0016 unit/ml. Even when the dose was reduced to ;z4, of the original 
strength, the shortening of the shaft and enlargement of the epiphyses were 
still noticeable, and when a dilution of 1/10 was used, the effect was between 
that of the 1/100 dilution and of the full strength. The microscopic examination 
of the sections showed that the poor differentiation of the three zones was 
evident in explants treated with 0-016 unit/ml. of insulin, but less marked in 
those grown in medium containing only 0-0016 unit/ml. of the hormone. From 
these results, it seemed clear that the degree of abnormality produced was 
directly dependent on the concentration of insulin in the medium (ef. 
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Landauer, 1953). It should be mentioned here that when embryo extract was 
present in the medium, it was not possible to demonstrate the effect of insulin 
in any concentration below the highest used, i.e. 0-16 unit/ml. 


IV. The effect of incubation with and without embryo extract on the action of 
insulin 

The results described in the previous section suggested that insulin exerted 
less influence in the presence of the embryo extract, because it might have 
been partly destroyed or inactivated by the latter. Experiments were there- 
fore made to investigate this point. Two series of culture vessels were prepared. 
For one series, insulin in 0-003N-HCl was mixed with embryo extract and 
incubated at 37° C for 48 hr; the extract was then added to the plasma of the 
culture medium in the usual way. For the other (control) series, embryo 
extract and the insulin solution were incubated separately for the same length 
of time and then mixed just before use. Thirty pairs of rudiments were 
cultivated, one of each pair being explanted in each medium. 

The results showed that insulin incubated in embryo extract no longer 
exerted any effect; this suggested that the hormone had been destroyed or 
inactivated by the embryo extract during incubation. That this destruction or 
inactivation was due to the action of the embryo extract and not to the heating 
to 37° C per se was shown by the fact that the insulin incubated in its solvent 
without the embryo extract still produced its characteristic effect on the 
explants (Text-fig. 4). 

Although incubation with embryo extract at 37° C for 48 hr was a drastic 
treatment, causing the total destruction of the insulin, the result indicated 
that there was probably at least a partial destruction of the hormone by 
medium containing embryo extract; this would explain why the insulin was 
more effective in the absence of the extract. 


V. Comparison of the effect of insulin and of the hyperglycaemic factor 

While it had been clearly demonstrated that a preparation of insulin added 
to the culture medium caused abnormal development of the bone-rudiments, 
it was essential to make certain that this effect was due to insulin itself and 
not to any contaminating impurities, for it is well known that in many highly 
purified or even crystalline preparations of insulin, a hyperglycaemic factor 
(HGF) may be present, constituting 5-10% of the total protem content 
(Pincus, 1952). In order to clarify this point, pure insulin entirely free of 
hyperglycaemic factor and also pure HGF were obtained (by courtesy of 
Dr R. H. Smith, Department of Biochemistry, University of Cambridge) and 
the effect of each of these on the developing rudiments grown on plasma clot 
was investigated. Twenty pairs of explants were divided into two groups of 
ten pairs; in both groups, one of each pair was cultivated on plasma clot as 
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a control, while the corresponding rudiment was grown, either in plasma to 
which pure HGF-free insulin had been added (group 1), or in plasma to which 
pure HGF had been added (group 2). The HGF-free insulin was used at a 
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Text-fig. 4. The destruction of insulin by incubation with embryo extract, as shown by the 
elongation of bone-rudiments. x— x, combined incubation of insulin and embryo extract. 
O—O, separate incubation of insulin and/or embryo extract. 


concentration of 0-16 unit or 7-0yg/ml. of medium and the HGF at a con- 
centration of 0-7 g/m]. medium, an amount equivalent to the greatest possible 
quantity (10°) present in an insulin preparation of the strength used in the 
present study. 

The results showed that HGF-free insulin produced the same abnormalities 
in the bone-rudiments as those described in the previous sections, while HGF 
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had no influence on the rudiments which grew and differentiated normally and 
were almost identical with their pair-mates grown in control medium. It 
therefore seems clear that the effect of insulin on bone development reported 
above was not due to any HGF that might have been present in the insulin 
preparation. 
DISCUSSION 

The results, described above, showed that insulin exerted a direct action on 
isolated skeletal rudiments in vitro. One effect of the hormone was to retard 
the growth in length of the explants, a result which agreed with that obtained 
in ovo, where the injection of insulin into the egg produced micromelia in the 
embryos (Landauer, 1945, 1947a; Duraiswami, 1950). In the present experi- 
ments this shortening of the rudiments seemed to be due to a specific inter- 
ference with the development of the diaphysis and with the differentiation of 
the zones of hypertrophic and flattened cells. That it was not caused by a 
general inhibition of growth was indicated by the fact that in the treated 
cultures the enlargement of the epiphyses and the proliferation of the con- 
nective tissue were greater than in the controls; moreover, additional cartilage 
in the shape of a secondary shaft was sometimes formed in the treated but 
not in the control explants. The excess growth of cartilage in the form of an 
extra shaft is of special interest when it is recalled that insulin in ovo sometimes 
caused the production of polydactyly (Landauer, 1947a) and supernumerary 
ribs (Landauer, 19476), both of which may well be the result of the growth 
of additional cartilage. 

Epiphyseal enlargement in response to insulin has not been recorded in 
embryos treated in ovo. It is probable that in vitro the rudiments were 
subjected to a much longer exposure to insulin than those in ovo. Whereas the 
explants were given a fresh supply of insulin every 48 hr when they were 
transferred to new medium, the eggs received only a single dose. Moreover, 
in the intact chick the skeletal rudiments were subjected to the normal 
regulatory influences which may have partly counteracted the effect of the 


Cocks’ plasma alone provided an adequate medium for the growth and 
differentiation of the explanted bone rudiments; though such explants grew 
more slowly and reached a smaller maximum size than those in plasma and 
embryo extract (complete medium), they differentiated normally. As described 
above, they reacted more intensely to insulin than those in the complete 
medium, Whether under these conditions the tissue was more sensitive to 
insulin, or whether the greater effect was due entirely to the fact that the 
hormone remained potent for a much longer time in the absence of embryo 
extract is uncertain. That embryo extract rapidly inactivates insulin was 
clearly proved by the experiments in which the two were incubated together. 
In the complete medium it is probable that the insulin was active at the 
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beginning of each 48 hr passage and then declined, until subcultivation brought 
a fresh supply of the hormone. If insulin combines with living tissue as Stadie 
(1951) believes, the explants may have retained active insulin after the 
hormone in the surrounding medium had been inactivated by the embryo 
extract. 

How the embryo extract inactivated the insulin is not known. The effective 
agent might have been insulinase, which seems to be widely distributed in 
various tissue extracts (Mirsky, Broh-Kahn, Perisutti & Brand, 1949), or some 
unknown substance characteristic of embryonic tissues; on the other hand, it 
might be merely the proteolytic enzymes in the extract which were responsible. 
That this inactivation should occur in the complete medium illustrates the 
complications which may be involved in the study of hormone-action even 
under relatively simple experimental conditions. 

The biochemical nature of the action of insulin on the long-bone rudiments 
is at present completely obscure. The fact that in the cultures insulin retarded 
the elongation and differentiation of the shaft while promoting the growth of 
the epiphyses and surrounding connective tissue, suggests that its action is 
probably complex, and it seems unlikely that it only affects the production 
of a single substance such as chondroitin sulphuric acid, as suggested by 
Duraiswami (1950). As stated above, in sections of the explants stained with 
toluidine blue, the intensity of the metachromatic coloration was uniformly 
less in the insulin treated than in the control rudiments, but there was no 
differential effect on the staining reaction of the shaft as compared with that 
of the epiphyses, in spite of the striking difference in the morphological effect 
of the hormone on these two regions. 

The possibility that insulin exerts an important and hitherto relatively 
neglected action upon protein anabolism (cf. Young, 1953) is one for further 
—™ in which the isolated organ cultures may well play an important 


SUMMARY 


1. The effect of insulin on the development in vitro of the rudimentary long 
bones of 6- to 7-day chick embryos was studied. 

2. Such rudiments grow well and attain a surprisingly normal anatomical 
and histological structure in a medium of plasma and embryo extract, but the 
addition to this medium of insulin in a concentration of 0-16 unit/ml. produced 
the following abnormalities: (a) retardation of the growth in length of the 
shaft, (6) great enlargement and distortion of the ends, (c) the cartilage became 
soft and flexible and often bent, (d) poor differentiation of the flattened and 
hypertrophic zones of the cartilage. 

3. Long-bone rudiments developed well on clotted plasma without embryo 
extract. The effect of insulin on rudiments grown on such a medium was much 
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more marked than in the full medium and could be detected at much lower 
concentrations. 

4. Incubation of the insulin with embryo extract at 37° C for 48 hr entirely 
prevented the effect of the hormone on the rudiments, although incubation of 
insulin in 0-003 N-HCI did not reduce its activity. From this it was concluded 
that culture medium containing embryo extract probably inactivates insulin. 

5. That this influence of the insulin preparation on the bone rudiments is 
not due to the hyperglycaemic factor (HGF) present as an impurity was proved 
by experiments with pure, HGF-free insulin and pure HGF. The former 
produced the usual abnormalities, while the latter had no effect on the 
rudiments which developed and grew normally. 
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EXPLANATION OF PLATES 


Abbreviations 
ep epiphysis ss secondary shaft 
ms main shaft zfc zone of flattened cells 
pb periosteal bone zhe zone of hypertrophic cells 
1 


Fig. 1. Photographs of living cultures of bones from a 6-day chick embryo after 7 days in vitro, 
one grown in control medium (embryo extract + plasma) and the other in medium to which 
insulin (0-16 unit/ml.) had been added. Note the enlarged ends, the short and bent shaft of 
all the bones grown in medium containing insulin. A double shaft is seen in the radius. 

Fig. 2. Photographs of living cultures of bones from a 7-day chick embryo after 8 days in vitro, 
one grown in control medium (plasma clot) and the other in medium to which insulin 
(0-16 unit/ml.) had been added. The effect of insulin is more pronounced in the absence of 
embryo extract. 

2 

Fig. 1. Humerus from a 6-day chick embryo after 9 days’ cultivation in normal medium (embryo 
extract + plasma) (cf. Text-fig. 1). Note the differentiation of the cartilage into hypertrophic 
region, zones of flattened cells and the epiphyses. (Delafield’s haematoxylin, chromotrop.) 

Fig. 2. Humerus from the opposite side of the same chick as that shown in Fig. 1, after 9 days’ 
cultivation in medium to which insulin had been added. The three zones are not so distinct 
as in Fig. 1: hypertrophy of cartilage cells is clearly seen only in the middle of the shaft and 
the zones of flattened cells are poorly defined. (Delafield’s haematoxylin, chromotrop.) 

Fig. 3. Part of the diaphyseal region of the section shown in Fig. 1. Note the enlarged, 
cartilage cells and the strongly basophilic matrix; some periosteal bone is present. 

Fig. 4. Part of the diaphyseal region of the section shown in Fig. 2. The hypertrophic cells are 
not maturing normally. Note their irregular outline and the smaller capsules. Only a very 
small amount of periosteal bone has been formed. 


Prats 3 

Fig. 1. Control tibia from a 6-day chick embryo after 9 days’ cultivation in normal medium 
(embryo extract +plasma). The usual hypertrophic region, zones of flattened cells and 
epiphyses are present. (Delafield’s haematoxylin, chromotrop.) 

Fig. 2. Tibia from the opposite side of the same embryo as that shown in Fig. 1, after 9 days’ 
cultivation in medium to which 0-16 unit/ml. insulin had been added. The effect of the 
hormone is especially pronounced in this explant. Note the lack of histological differentia- 
tion. The explant consists of a more or less homogeneous mass of cartilage. (Delafield’s 
haematoxylin, chromotrop.) 

Fig. 3. Part of the diaphyseal region of the section shown in Fig. 1. Both the zone of flattened 
cells and the hypertrophic region are typical of a normal specimen. A layer of periosteal 
bone has been formed. 

Fig. 4. Part of the section shown in Fig. 2. Note the small-celled cartilage of the shaft, the very 
few layers of flattened cells, the poor differentiation of the periosteum and the absence of 

bone. 

Fig. 5. Transverse section of a radius from a 6-day chick embryo after 7 days’ cultivation in 

medium to which insulin had been added, showing the main and the secondary shafts. Each 

shaft has well-developed hypertrophic cells and its own complete periosteal sheath. 
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FACILITATED TRANSFER OF HEXOSES ACROSS THE 
HUMAN ERYTHROCYTE MEMBRANE 


By W. F. WIDDAS 
From the Department of Physiology, St Mary’s Hospital Medical School, 
London 


(Received 20 January 1954) 


The exact nature of the process whereby glucose and other sugars penetrate 
the erythrocyte membrane is unknown. There is a large volume of experi- 
mental evidence against the process being one of simple diffusion. The early 
studies of Kozawa (1914) demonstrated that there were different rates of 
penetration of isomeric sugars and that methyl glucoside did not penetrate. 
Masing (1914) noted the contradictory findings that although chemical analysis 
confirmed the free penetration of glucose, lysis in an isotonic glucose solution 
was incomplete after several hours. Ege (1919) is said by Bang & Orskov 
(1937) to have observed that the rate of penetration of glucose was reduced at 
high concentrations and this was confirmed by Klinghoffer (1935). These 
points have been investigated in a more quantitative manner by Wilbrandt 
(1938), Meldahl & Orskov (1940), Wilbrandt, Guensberg & Lauener (1947), 
LeFevre (1948), LeFevre & Davies (1951) and by LeFevre & LeFevre (1952). 
Their findings amply confirm the difficulties inherent in any attempt to regard 
the process of penetration as one of simple diffusion. LeFevre and co-workers 
have attempted to interpret the results in terms of a carrier mechanism, and 
it is probably fair to say that most workers in the field agree that some special 
mechanism is involved. 

At the same time the process apparently differs from glucose absorption 
from the intestine and the renal tubule in that experimental evidence of 
transfer against a concentration gradient is so far lacking and thus the term 
‘active transfer’, implying ill-defined secretory-like activity, would appear to 
be unjustified. 

Facilitated transfers across cell membranes involving combination with 
membrane carriers have been postulated by several workers to account for 
ionic transfers. Although Osterhout (1930) suggested that ions cross cell 
membranes as unionized complexes, Lundegardh (1940) appears to — 
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the first to suggest that molecular components of the membrane may be 
involved in such transfers. 

The same general principles have been applied to the transfer of sugars 
(Widdas, 1952). The carriers are postulated to pass forwards and backwards 
across the membrane due to thermal agitation and are not necessarily linked 
to metabolic processes. Ussing (1952) has applied the term ‘ferryboats’ to 
such carriers giving a guide, though over-simplified, both to the behaviour of 
the molecules and the functions they serve. Although this general concept 
has offered a qualitative explanation to certain facilitated transfers it has 
lacked corroboration in quantitative terms. 

Attempts at defining the kinetics of glucose transfer were made by LeFevre 
(1948) on the assumption that the penetration of glucose into erythrocytes 
depended on the difference between the internal cell concentration and some 
limiting concentration. Later, LeFevre & LeFevre (1952) formulated kinetics 
of a transfer model based on the scheme due to Shannon for the renal tubule 
(Shannon, 1939). Widdas (1951, 1952), from results of placental transfer and 
erythrocyte studies, developed kinetics on the assumption that the carriers 
and carrier-glucose complexes crossed the membrane slowly, relative to the 
attainment of equilibrium with glucose in the solution at the two interfaces. 
Recently Rosenberg and Wilbrandt (Wilbrandt, 1954) have developed the 
kinetics which apply when various stages in the process are rate-determining. 

The present paper is concerned with the application of the kinetics described 
(Widdas, 1952) to results of experiments on erythrocyte penetration by 
glucose, sorbose and fructose, and to the results of experiments in which 
glucose and sorbose compete for penetration. 


METHOD 


The method was based on the Orskov (1935) technique of using a photoelectric apparatus to 
follow the change in volume of cells placed in hypertonic glucose solutions and in main followed 
the techniques used by LeFevre (1948). | 

The apparatus has been described in detail (Widdas, 19534) and included features which pro- 
vided stability against fluctuation in light intensity and instrument zero drift. The cuvette was 
surrounded by a water jacket adjusted to hold the temperature of the cuvette at 37° C. The 
output was registered on a pen-recording galvanometer, the paper drive of which could be run 
either continuously or intermittently (i.e. switched on for 10 sec at minute intervals). 

Blood samples were defibrinated by being stirred with a fine glass loop in a Wasserman tube. 
After defibrination the cells were washed three times in 1% NaCl buffered with phosphate buffer. 
A dilute suspension was made by adding 20 mm* packed red cells to 10 ml. buffered saline. For 
each experimental test about 1 ml. of stock suspension was further diluted to 21 ml. by buffered 
saline in the cuvette. This final suspension represents a dilution of approximately 1/5000 whole 
blood or 1/10,000 packed red cells. In consequence, the volume occupied by the cells was con- 
sidered to have a negligible effect upon the bulk concentrations in the surrounding medium. 

_ Hexose solutions were made up to 30 g/100 ml. in phosphate buffered saline. The quantities 
added to the cuvette varied between 0-5 and 5-0 ml., but the range for most satisfactory experi- 
ments was from 0-5 to 2-0 ml. Injections of hexose solutions could be made either in a single 
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injection or in repeated units each of 0-5 ml. The resulting hexose concentrations are shown in 
Table 1. 

Isotonic units are used for mathematical convenience in permeability experiments on erythro- 
cytes and arise from a defined concentration—the isotonic concentration. Other units are derived 
from this. Thus the isotonic volume is the volume of the erythrocyte in the isotonic concentration 
of non-penetrating solute. The isotonic quantity is the quantity of solute in a volume (of isotonic 
concentration of solute) equal to the isotonic volume. 


Taste 1, Final hexose concentration obtained by adding the following volumes of 
30 g/100 ml. hexose solution to 2] ml. cell suspension in 1% buffered saline 


Volume hexose 


(ml.) (isotonic units) 
0-5 0-1165 
10 0-227 
15 0-333 
2-0 0-435 
3-0 0-625 
4-0 0-800 
5-0 0-962 


In this work 1 g NaCl/100 ml. was used as the basis of the isotonic units. Although not strictly 
isotonic for human erythrocytes, it was convenient to use this value in comparisons with the 
behaviour of erythrocytes of other species which were being investigated. 

During a test run the cuvette was first prepared with 21 ml. diluted cell suspension and the 
apparatus left until the light transmission had settled down to a steady level. To keep the record 
more compact the paper drive was operated intermittently during this period. 

When the light transmission was constant a volume of glucose (or other hexose) solution was 
added rapidly while the paper drive was operating continuously. When the initial disturbance 
due to uneven mixing of the concentrated sugar solution subsided (1-2 sec) the light transmission 
was found to have increased. This was partially due to the dilution of the cell suspension and partly 
due to the shrinkage of the cells in the hypertonic mixture of saline and hexose. The subsequent 
swelling of the cells as the hexose entered resulted in the recorder tracing out a curve in the 
direction of diminished light transmission. The more rapidly changing part of this curve was 
usually completed in from 2 to 4 min, and the slow subsequent change could satisfactorily be 
traced by intermittent operation of the paper drive. 

A typical experimental record illustrating these features is shown in Fig. 1. 

The effect of dilution of the cell suspension can be calibrated either by adding known volumes 
of saline buffer or by observing the change still remaining when the cells have returned to their 
isotonic volume in a hexose solution, but these effects are not identical since the light trans- 
mission properties of cells in saline buffer and hexose saline mixtures are not strictly comparable. 
LeFevre & LeFevre (1952) developed an empirical method for allowing for this difference, but in 
the present experiments the instrument has been allowed to continue until the cells return to an 
equilibrium volume so that each record can be divided into volume change and dilution effect 
without reference to previous calibration. This procedure was made possible by the stability of 
the apparatus. 

The calibration of erythrocyte volume change was made by making injections of 10% NaCl 
solution with a micrometer syringe and by allowing for the dilution effect observed on injecting 
similar quantities of isotonic saline buffer. With small volumes the change observed on the pen 
recorder due to the dilution effect is a linear function of the volume added. Where small volumes 
of 10% NaCl were added to change the tonicity of the medium the volume of the cells was 
calculated on the basis that they behaved as perfect osmometers. After allowing for the dilution 
effect the change in pen-recorder reading due to change in volume was found also to be reasonably 
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Increased light 


Fig. 1. Tracing of a recording with 0-1165 isotonic glucose solution. Up to the addition of the 
glucose the paper drive operated intermittently at minute intervals. For the first 3 min after 
adding the glucose the paper drive was continuous, thereafter it was operated intermittently 


again. 
0-80 + 


Cell volume 


10 4 i 
Pen recorder change 


Fig. 2. Calibration of cell volume change against deflexion of the milliammeter. The effect of 
dilution has been allowed for and the volumes of cell water have been calculated on the basis 


that osmotic equilibrium was maintained. 
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linear for values of the cell volume between 0-85 and 1-0 isotonic volumes. The result of such 
a calibration experiment is shown in Fig. 2. 

Experimental curves of the type shown in Fig. 1 were therefore treated in the following way. 
The readings of the milliammeter trace prior to the injection of the hexose solution (the zero 
reading), the reading of the point of maximum shrinkage and the final equilibrium reading were 
noted. The difference between the last two readings represented the shrinkage and 
effect, and on a basis of the cell maintaining osmotic equilibrium with its surroundings could be 
interpreted in terms of a volume change. For instance, in 0-1165 isotonic hexose the cells would 
initially shrink to V,/1-1165=0-895V, (V, refers to the isotonic volume of cell water), thus the 
amplitude of change on the milliammeter record could be regarded as due to a volume change of 
0-105V7;,. 

As the calibration suggests linearity over such a range values appropriate to intermediate 
volumes such as 0-92V,, 0-94V,, 0-96V,, 0-98V, and 0-99V, were marked off and the times taken 
for the suspension to return to these volumes measured. 

The same principles were followed when measuring traces obtained at other concentrations, 
and the measured times of return to various cell volumes were used in analysing the results. 

Analyses over a range of concentrations were carried out in two ways. In the first experiments 
separate suspensions were used in test runs with hexose solutions of different molarities, whilst 
in the second sugar concentration was built up by four successive additions of 0-5 ml. hexose 
solution, the cells being allowed to attain equilibrium after each injection. The results are not 
significantly different, but as the second method has many practical advantages it has been the 
method of choice in more recent experiments. 

The advantages of this method are: 


(1) The amplitude of the volume change is kept relatively small, thus keeping on the most 
linear range of the apparatus. 
(2) Assumptions in the mathematical analysis of the swelling curves require that the loss of 


water in attaining osmotic equilibrium should be very fast relative to the rate of entry of sugar. 


This requirement is most nearly met by keeping the osmotic change small so that equilibrium can 
be attained rapidly. At the same time the initial rate of entry of glucose is slowed in all tests but 
the first of the series. 


(3) The same cell suspension is used throughout, and only one initial period must be allowed 


the internal cell-sugar concentration changes through a restricted range rather than commences 
from zero each time. — 
Theoretical section 

In analysing the experimental results the kinetics used were those described earlier (Widdas, 
1951, 1952). It was postulated that the rate-determining step was the relatively slow movement 
of carriers and complexes between one interface and the other and that the carriers remained in 
the interface sufficiently long to achieve equilibrium with glucose in the respective solutions. 

The transfer rate which is thus proportional to the difference in the fraction of carriers saturated 
with glucose at the two sides, may be represented by the equation 

(S/V +¢))’ 

medium and V is the volume of cell water. ¢ represents the equilibrium constant of the carrier 
hexose complex. 

This equation has the following approximations. When ¢ is large relative to the concentrations 


(2) 


(1) 
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(4) There are theoretical advantages in studying the penetration rate under conditions in which 
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a first-order equation of the diffusion type, where k=K/¢. When ¢ is small relative to the 
concentrations ds 
a@ 


where k’ = K¢. When S isotonic units of hexose have penetrated into one cell, containing initially 
unit isotonic quantity of non-penetrating solute in unit isotonic volume, it will have raised the 
tonicity of the cell contents to (1 + 8) if there has been no water movement. At the same time, the 
tonicity of the external medium will be (1 +C). With water movement, which is sufficiently rapid 
to maintain osmotic equilibrium at all stages of sugar penetration, the cell volume will become 
(1 +8) 

V (4) 
If erythrocytes are initially in equilibrium with a medium containing a concentration of CO’ of 
sugar, and further sugar is added to bring the concentration to C, then erythrocyte swelling curves 
can be obtained from equations (2), (3) and (4). When ¢ is large (diffusion type) 


Cc-C’ 
ki=C’ +1 +(1+C) (5) 
= F(C, V). (5a) 
When ¢ is small (near-saturation carrier type) 
C 
=F’ (C, V). (6a) 


The quantities on the right-hand side of equations (5) and (6) involve known variables and 
tables were therefore prepared of values of F(C, V) and F’(C, V) for different values of C’, 
C and V. By plotting the times taken to reach given cell volumes against the appropriate values 
of the function F(C, V) a line should be obtained with slope equal to k, the penetration constant 
on the basis of the diffusion type of equation, 

Equation (6a) can be used similarly to obtain a value for k’, the constant of the near saturation 
carrier equation. 

Table 2 gives the values of F(C, V) and F’(C, V) used in analysing experimental data obtained 
by four successive injections of 0-5 ml. hexose solution. 


TaBiE 2. Calculated values of the functions F(C, V) of the diffusion type equation and F’(C, V) 
of the near-saturation carrier equation used in analysis of swelling curves obtained in the 
successive injection technique 

Initial hexose Final hexose 

concentration concentration Volume of 


Cc cell water 
(isotonic unit) (isotonic units) relative to V, Fic, V) F'(¢C, V) 
0 0-1165 0-92 0-27 0-0005 
0-94 0-57 0-0019 
0-96 1-00 0-0052 
0-98 1-75 0-0128 
0-99 2-51 0-0218 
0-1165 0-227 0-92 0-13 0-004 
0-94 0-46 0-015 
0-96 0-93 0-034 
0-98 1-76 0-071 
0-99 2-60 0-112 
0-227 0-333 0-94 0-35 0-030 
0-96 0-86 0-078 
0-98 1-76 0-169 
0-99 2-67 0-265 
0-333 0-435 0-94 0-23 0-036 
0-96 0-78 0-128 
0-98 1-75 0-298 


| 
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The same principles apply to the experiments where the initial concentration always starts 
from zero (O’ =0) and tables of values of F(C, V) and F’(C, V) appropriate to such experiments 
were also prepared. 


siti 
The extension of these kinetics to competitive systems has been described on theoretical grounds 
in the earlier paper (Widdas, 1952), but the present experiments suggested a way in which such 
kinetics could be applied to analyse results of competition between sorbose and glucose for pene- 
tration of erythrocytes (Widdas, 19535). 
In a simplified form the transfer of a ketose (e.g. sorbose) in the presence of glucose would be 


given by 


C 
Ci 


¢ 


(7) 


where C, and CO, refer to the sorbose and glucose concentrations in the outside medium, and ( 
and OC; refer to the same concentrations inside the cell. ¢, and ¢, refer to the equilibrium constant 
of the carriers when reacting with sorbose and glucose respectively. 

Since experimental evidence to be described suggests ¢, is high relative to the concentrations 
equation (7) can be approximated to 


(8) 


If the experimental conditions are adjusted so that the cells are first equilibrated in glucose so 
that C,~+C;, and (because of the more rapid penetration of glucose) are presumed to remain 


equilibrated during shrinkage and reswelling then 


(9) 


(9a) 


(10) 


(11) 


Thus the reciprocal of the apparent penetration constant k should vary linearly with glucose 


~KC,-0), 
where k= x 
Rearranging equation (10) 
concentration. 
In a plot of 1/k against C, the quotient 


interoept (Cy—0) _ 


slope 


thus giving the value of the equilibrium constant of the carriers when reacting with glucose. 
Alternatively, the line can be produced to cut the concentration axis and ¢, obtained directly 
as the negative of the intercept (1/k =0). 


RESULTS 


Data from experimental swelling curves of erythrocytes in hexose solutions 
have been examined on the basis of the diffusion and near-saturation carrier 
equations referred to above. 


) 
f 
) 
) 
dS, C, Cs 
Pa 
Os 
ds K 
(0,-09, 
| $,+7 


170 W. F. WIDDAS 
Glucose 


Fig. 3 gives the results of a typical glucose experiment in which the times 
for reaching specified volumes have been plotted against calculated values of 
the function F(C, V) of equation (5a). 

The slopes of the lines which give the value of the penetration constants on 
a basis of diffusion progressively decrease as the glucose concentration increases. 
There is a tenfold change of the ‘penetration constant’ in the concentration 


F(C, V) 


t min 

Fig. 3. Data from an experiment in which the glucose concentration was raised by four successive 
injections of 0-5 ml. glucose solution into 21 ml. cell suspension. Times to reach specified 
volumes have been plotted against appropriate values of the function F(C, V) so that the 
slopes of the lines give the values of k, the penetration constant on a basis of diffusion. The 
initial (C’) and final (C) concentrations in isotonic units were as follows: points @, C’ 0, 
C 0-116; points x, OC’ 0-116, C 0-227; points ©, C’ 0-227, C 0-333; points A, CO’ 0-333, 
C 0-435. 


range employed. If log k is plotted against log C a line of slope —2 is obtained 
which is a feature of the results of Wilbrandt et al. (1947), and can be predicted 
from the kinetics (Widdas, 1952). 

The same results plotted on the basis of the near-saturation carrier equation 
(6a) are shown in Fig. 4. The data from the four different concentrations now 
fall reasonably about a single line whose slope represents the constant k’. 

A series of nine experiments (in 1952) on one subject’s blood gave a range 
of values with a mean of k’=0-023+ 0-001. In more recent experiments (with 
shorter periods of washing of the cells) the mean value of k’ was 0-032 for four 
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experiments. The value of the constant depends on pH and temperature, 
being greater at pH 7-4 (about 0-031) than at pH 6-8 (0-025), but more experi- 
ments on the influence of these factors and methods of preparing the suspen- 
sions are required before detailed conclusions can be drawn. Meldahl & Orskov 
(1940) reported a fall off in permeation rate with cell suspensions kept at 20° C, 
but no significant change has been observed in the present work on suspensions 
kept at room temperature for 24 hr. 


02- 


F’(C, V) 


01} 


0 2 4 6 8 10 12 14 16 
t min 
Fig. 4. The same data as shown in Fig. 3 plotted against values of the function F’(C, V) calculated 
from the near saturation carrier equation. The slope of the line represents the value of the 
constant k’, 


Sorbose 


Fig. 5 shows data from a typical sorbose experiment plotted according to 
the diffusion equation (5a). The results for three different concentrations 
satisfactorily fit a common line whose slope represents the diffusion ‘ penetra- 
tion constant’ k. 

The same data plotted according to equation (6a) do not fit a common line 
indicating that the near-saturation carrier equation is a poor representation 
of sorbose penetration of erythrocytes. 

Fructose 

The results with fructose showed the same features as those with sorbose 
but the rate of penetration was much slower. The value of k in fructose experi- 
ments was about a quarter the value found for sorbose. 
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m-Inositol 

The rates of penetration of sorbose and fructose were considerably slower 
than those of glucose (except at high glucose concentration) and the fit of the 
ketose sugars to diffusion kinetics might be thought to indicate that small 
regions of the cell membranes were available for simple diffusion. To investi- 
gate this possibility m-inositol solution was used. m-Inositol is an isomer of 
glucose with a ring structure and steric arrangement of —OH groups similar 
to glucose but with the exception that it is homo-cyclic and has no reducing 
group. 


t min 


Fig. 5. Data from a sorbose experiment in which the swelling curves in three different concentra- 
tions have been analysed. Times taken to reach specified volumes have been plotted against 
calculated values of the function F(C, V). The points from the three concentrations fall about 
a line of common slope which represents the penetration constant k on a basis of the diffusion 
equation. The concentrations were (in isotonic units): points @, 0-116; points x, 0-227; 
points ©, 0-333. 


In experiments with solutions of inositol the cells were observed to shrink 
in the usual way but no reswelling (characteristic of penetration) was observed 
over 60 min. Allowing for the maximum uncertainty of the apparatus the 
rate of penetration could not have been as high as z¢55th that for glucose. This 
observation, which has been made by other workers (Hedin, 1897; LeFevre & 
Davies, 1951), within the limits of accuracy of their respective methods, makes 
doubtful the existence of any pores or leaks in the red cell membrane through 
which simple diffusion of molecules of the size and general chemical nature of 
hexoses could occur. 
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Micztures of glucose and sorbose 


If solutions of glucose and sorbose were used simultaneously the rate of 
penetration as judged by the reswelling curve was markedly slower than in 
sorbose solution alone. This was also observed if the cells were first allowed to 
equilibrate in glucose before the sorbose was added. In contrast, cells first 
equilibrated in sorbose showed little change in their rate of penetration by 
glucose. 

These and other observations confirm the general findings of LeFevre & 
Davies (1951), who considered that the ketose sugars must use the 
same transfer mechanism as was used by glucose. 

Accepting this assumption, any kinetics which attempt to describe the 
process of facilitated glucose transfer must provide an explanation for the 
difference between the behaviour of the ketose sugars and glucose. On the 
basis of the kinetics described in the theoretical section the findings can be 
accounted for by differences in the value of the carrier equilibrium constant. 
With a high equilibrium constant the basic carrier relation reduces to one of 
diffusion type and thus in general terms the results described suggest: 

(1) The carrier-glucose complex has a low equilibrium constant. (Implied 
in fit to near-saturation carrier equation.) 

(2) The carrier has a high equilibrium constant when reacting with ketose 
sugar (sorbose or fructose). (Implied in fit to diffusion approximation.) 

This interpretation explains why in competitive systems glucose (by readily 
combining with the carriers) retards sorbose penetration, whereas sorbose has 
little effect on glucose penetration. 

It has also been suggested in the theoretical section that glucose—sorbose 
competition could be used to obtain a quantitative measure of the carrier 
affinity for glucose by observing the effect upon sorbose penetration of varying 
concentrations of glucose. The method of choice is to allow prior equilibration 
of the cells in the glucose solution before measuring the swelling rate in the 
sorbose solution. 

Fig. 6 gives the results of an experiment in which the swelling curves in 
sorbose solutions were measured after equilibrium in different concentrations 
of glucose. The penetration by sorbose was progressively retarded as the 
glucose concentration was increased. The value of the apparent penetration 
constant of sorbose was reduced to a quarter of its ordinary value by 0-15 
isotonic concentration of glucose. 

Fig. 7 shows the reciprocal of the apparent penetration constant of sorbose 
plotted against glucose concentration. By dividing the intercept by the slope 
the value obtained for ¢, in this experiment was 0-052 isotonic units (17mm). 

Other experiments of this type have yielded values of ¢, ranging from 7 to 
20 mm. Since determinations of the sorbose constant are not so accurate as 
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t min 
Fig. 6. Results of an experiment showing the variation of the sorbose penetration constant in the 
presence of different concentrations of glucose. The suspensions were equilibrated in the 
glucose solution before addition of sorbose solution. The values of k refer to the penetration 
constant for sorbose. C, indicates the glucose concentration in isotonic units. 


15 


i j 
0 0-05 0-10 0-15 

C, (isotonic units) | 
Fig. 7. Plot of the reciprocals of the sorbose penetration constant against glucose concentration. 
Data from Fig.6. ¢, the equilibrium constant for glucose in this experiment was 0-052 isotonic 
unit (17 mm). 
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for glucose there is some uncertainty both in the slope and intercept in plots 
of the type shown in Fig. 7. In view of these uncertainties it is felt that the 
value of ¢ may be in error by a factor of 2. The mean results to date suggest 
the order of magnitude of ¢, to be about 10 mm at 37° C, pH 7:4. The influences 
of temperature and pH on this constant are being investigated. 


DISCUSSION 


In the experiments described the transfer kinetics of glucose on the one 
hand, and sorbose and fructose on the other, can be fitted to the two 
approximations derived from equation (1). These approximations result when 
the carrier-hexose equilibrium constant (¢) is either small or large, relative to 
the concentrations of hexose used in the experiments. 

The internal sugar concentration of the cells at the beginning of an experi- 
ment may be taken as zero and thus cannot be regarded as large relative to ¢ 
even when the latter is small. The approximation of equation (3) is not 
satisfactory in experiments in which the internal concentration starts from 
zero since at that concentration the approximation indicates an infinite rate 
of sugar entry. Inspection of equation (1) shows that the rate of entry has 
a theoretical maximum of K. This theoretical maximum can be determined if 
¢ is known. 

Equation (1) applied to red cell swelling problems leads to the expression: 


(C-+$) (1+C+$)|_, 
Kt= {c +1-(+0)7+ +0) 
(12) 
= F"(C, ¢, V). (13) 


Taking ¢=0-05 isotonic unit a table of values of F’(C, 4, V) was prepared, 
and using this table to analyse results in the way previously described the 
average value for K was found to be 0-64. 

That is, if the saturation fractions at the two interfaces were 1 and zero 
respectively, the maximum transfer which could occur would be about 0-6 iso- 
quantities per minute. Using values from Ponder (1948) for the volume of the 
erythrocyte it is estimated that an iso-quantity of glucose is 1-6 x 10 molecules 
and K represents therefore a maximum transfer of 1-6 x 10* molecules per 
second. Taking the surface area as 163? (Ponder, 1948) about one million 
‘carrier’ journeys in each direction must be made across each square micron of 
erythrocyte surface per second. 

It can be shown that the number of glucose molecules colliding with each 
square micron of erythrocyte surface due to random thermal movement is 
greatly in excess of the number which pass through the membrane. It has 
been estimated that in 0-1 isotonic concentration of glucose, for example, of 
every 600 molecules which collide with the surface only one would pass through 
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the membrane. This suggests that the area of membrane showing carrier 
activity need not exceed about 1% of the surface. 

The kinetics of facilitated transfer used in this work (equation 1) would not 
explain transfer of glucose against a concentration gradient such as occurs in 
intestinal absorption. Earlier work (Wilbrandt & Laszt, 1933; Laszt, 1935) 
has emphasized correlation between phosphorylation and glucose absorption 
in the intestines. The erythrocyte penetration by glucose was shown by 
Wilbrandt et al. (1947) to be unaffected by iodoacetate, and LeFevre (1948) 
reported that no inorganic phosphate was fixed during the process. Although 
his evidence was against permanent phosphorylation the latter author did not 
exclude a temporary phosphorylation during transit of the membrane. 

It would appear, however, that varying transfer rates for different isomeric 
sugars, which is a feature of erythrocyte penetration as well as intestinal 
absorption, need not imply permanent phosphorylation. It seems that trans- 
location may be preferential without phosphorylation, and it may be possible 
to resolve intestinal absorption into two components (1) a carrier transfer 
across the cell membrane, and (2) a process involving phosphorylation which 
enables the translocation to continue against the gradient. Verzar (Verzar & 
McDougall, 1936) suggested that phosphorylation had the effect of removing 
glucose from the bottom of the gradient. Since the primary process was 
presumed to be a diffusion, the selectivity towards different isomeric sugars 
would on this basis be due to selectivity of the phosphorylating enzymes. 

Fisher & Parsons (1953a, b) have shown that the initial rate of intestinal 
absorption of glucose bears a Michaelis-Menten type of relationship to con- 
centration. The “Michaelis constant’ of the process was 7 mm which is of the 
same order of magnitude as that obtained for the red blood cell carriers. Their 
results also demonstrated competition between galactose and glucose. These 
workers visualize the possibility of the rate-limiting step being a reaction by 
glucose with a component of the cell membrane to form the complex necessary 
for facilitated transfer. 

If the primary process is a facilitated transfer of the type found in the human 
erythrocytes this would not exclude further selectivity at the phosphorylating 
stage and this fact might complicate competition experiments similar to those 
described with the erythrocyte. It is interesting to note, however, that there 
is a suggestion of similarity between a part of the process of intestinal absorp- 
tion and the facilitated transfer across the erythrocyte membrane. 

What purpose the facilitated hexose transfer serves in the human erythro- 
cyte is not clear. The phenomenon does not exist in erythrocytes from several 
mammals, Those of the ox, pig, rabbit, guinea-pig, goat, horse, cat and ram 
were shown by Kozawa (1914) to be impermeable to glucose. The singularity 
of primate erythrocytes in this respect is less complete than suggested by this 
earlier work. A preliminary report (Widdas, 1953c) has been made of experi- 
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ments which show that erythrocytes from foetal blood of a number of mammals 
are permeable to glucose and other hexoses at rates comparable with those 
found in the human erythrocytes. 

Since the erythrocytes do not admit glucose by a process of simple diffusion 
but by a facilitated transfer, it seems probable that some such mechanism may 
be a requirement of other cells in the body and that facilitated transfers of 
glucose may have wider implications than those discussed. The ‘evidence in 
respect of tissue cells is scanty, but a few experiments are suggestive. Thus 
Boyland & Boyland (1938) found that in the lactic acid production of tumour 
slices the optimum concentration of glucose was 0-2°%, while that for fructose _ 
was as high as 10%. They attributed this result to the different rate of 
diffusion into the slices. Rashevsky (1948), in a mathematical treatment of 
cell respiration, considered the data compatible with the diffusion resistance 
of the cells being twenty times greater for fructose than for glucose. Differences 
of this order are difficult to reconcile with simple diffusion, but could readily 
be interpreted on the basis of a facilitated transfer process in which fructose 
has a much larger equilibrium constant than glucose when reacting as sub- 
strate to the carrier molecules. 

Sacks (1944) using **P labelled glucose phosphate came to the conclusion 
that glucose entered muscle cells but that labelled phosphate remained 
extracellular. He postulated a hydrolysis in the cell membrane, which allowed 
glucose to enter the cell. 

The difficulty of demonstrating free glucose inside tissue cells does not rule 
out the possibility of a facilitated transfer since the glucose may be phosphory- 
lated and enter some metabolic cycle as fast as it is transferred across the 
membrane. 

That this does not occur in the erythrocyte may be due to its low meta- 
bolism, its large surface to volume ratio and its ‘carrier’ activity per unit area. 
The combined result is a transfer of glucose at a greater rate than that at 
which it can be utilized within the cell so that at physiological concentrations 
the cell interior attains equilibrium with the external solution. 

Guest, Mackler, Graubarth & Ammentorp (1953) estimated the glucose 
utilization of red cells to be 0-019ug/hr/million cells, whereas that for white 
cells was 7-24g/hr/million cells. Using values for K and ¢ described in this 
paper the inward transfer of glucose across the erythrocyte membrane in a 
physiological medium of 90 mg/100 ml. would amount to about 5-4yug/hr/ 
million cells. This rate of transfer is far in excess of the utilization rate for the 
red cell but is of the same order of magnitude as that in white cells. Thus if 
white cells had no more carrier activity than red cells there would be little 
or no glucose accumulation within the cell. 

At unphysiological concentrations equilibrium in red cells is long delayed. 


7 (1914) found that in isotonic glucose solution lysis was incomplete 
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after several hours. These findings can be predicted in part from the kinetics 
and results described in this paper. Using the approximation of equation (3) 
and the relationship V=1+8 


which applies to the special case where saline is absent from the external 
solution (which contains only isotonic glucose) and where isotonic units are 
used, it is found that the equation 
(V—1)?=2k't (14) 
relates the volume of cell water to the penetration constant k’. 
ing haemolysis to be complete when V is 3 isotonic units and that the 
value of k’ is 0-03 the time required would be 70 min at 37° C. 

When the external medium is composed only of non-electrolytes there tend 
to be very marked pH shifts as shown by Jacobs, Parpart & Corson (1937). 
Using isotonic glycerol solutions Jacobs, Glassman & Parpart (1938) found a 
marked retardation in the rate of haemolysis of erythrocytes from a number 
of species if the medium became acidic. 

Acidic pH shifts also lower the value of the penetration constant k’ and 
would thus give a greater retardation to haemolysis in isotonic glucose 
solutions. The metabolic removal of some of the glucose transferred may also 
be a factor at these low transfer rates, and a complete quantitative explanation 
of the effect observed by Masing and later workers would have to take these 
factors into account. The time of haemolysis predicted by the kinetics is of an 
order of magnitude which shows that the nature of the facilitated transfer 
itself can make a large contribution to the delays observed. 

The experiments on competition between glucose and sorbose confirm 
qualitative observations reported by LeFevre & Davies (1951). LeFevre 
(1953) has since used a competitive method, using phloretin to determine the 
carrier dissociation constant, and has reported results (LeFevre, 1954) agreeing 
closely with those obtained by competition between glucose and sorbose, 
although the kinetic equations used were somewhat different. 

That two independent methods give such agreement adds to the plausibility 
of the carrier concept underlying the facilitated transfer, but the biochemical 
entities and the detailed reactions which take place are still unknown. 


SUMMARY 


1. Experiments with an Orskov type of apparatus were made to study the 
hexose penetration of the human erythrocyte. The rates of penetration of 
glucose, sorbose and fructose have been investigated. 

2. The results have been analysed along the lines of kinetics previously 
described (Widdas, 1952) based on a carrier hypothesis. When concentrations 
are large relative to the equilibrium constant of the carriers, theory predicts 
that transfer should be proportional to the difference of the reciprocals of the 
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concentrations (near-saturation carrier equation). When the concentrations 
are small or the equilibrium constant is high the transfer rate reduces to a first 
order equation (diffusion type). 

3. During glucose penetration the results suggested that the carrier was 
nearing saturation at the experimental concentrations used. Sorbose and 
fructose transfers across the erythrocyte membrane gave results which fit the 
diffusion type of equations, suggesting, in their case, that the equilibrium 
constant is high. 

4. The kinetics of competitive absorption have afforded a method of 
determining the equilibrium constant of the carriers reacting with glucose by 
studying its effect in reducing the rate of sorbose penetration. Experiments 
using the method are described and suggest the order of magnitude of this 
equilibrium constant to be 10 mm. 


This work represents part of material submitted as a thesis for the degree of Ph.D. in the 
University of London 1953. 

The author is indebted to the Central Research Fund of the University of London for a grant 
for apparatus. 
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THE VISUAL SENSITIVITY OF THE TOAD XENOPUS LAEVIS 


By E. J. DENTON anp M. H. PIRENNE 
From the Physiology Department, University of Aberdeen 


(Received 11 February 1954) 


The experiments reported in this paper relate to the visual threshold of the 
aquatic toad Xenopus laevis. The spectral threshold curve was measured by 
two different methods, and the effect of temperature on the threshold values 
was investigated. In the Discussion, the results are examined from the stand- 
point of the quantum theory of light and compared with the results obtained 
for the human eye. 

Xenopus laevis, the South African clawed toad, is an almost entirely aquatic 
amphibian found in muddy fresh-water ponds in South Africa. It is easily 
kept, living for many years in the laboratory, and stands up well to considerable 
changes of temperature. The eyes of Xenopus are found on top of its head. 
They are, for a given weight of animal, smaller than the eyes of the common 
frog, Rana temporaria, but in other respects very similar. The retina of Xenopus 
contains rods and cones: the rods are large whilst the cones are small and hard 
to see under the microscope in fresh preparations. The rods in the fresh, dark- 
adapted retina are found to be of two kinds: most of them look purplish-red 
but about 1 in 30 is bright green in colour (Denton & Pirenne, 1952). The 
appearance of the red and green-coloured rods in the fresh retina is similar to 
that of the frog as described by Boll (1876) and Kiihne (1878). Apart from 
this the retina seems to be simple and uniform in structure. A micro-photo- 
graph of a fixed preparation of a Xenopus retina, made by Dr K. Tansley, is 
shown in Pl. 1. 

The first reaction used as an index of light sensitivity was the skin darkening 
due to the expansion of the skin chromatophores which occurs when the 
animal, placed on a black background, receives a sufficient amount of light 
from overhead. Essentially one kind of melanophore is involved in this reac- 
tion which occurs in the same way whatever the wave-length used. This is 
a visual reaction. At low intensities blind animals do not react in this way, 
their chromatophores remaining in an intermediary state of expansion. It is 
true that at high intensities chromatophore expansion may occur through the 
direct action of light on the skin, but the intensities necessary for the latter 
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reaction are very much higher than those at which the above visual reaction 
can occur (Hogben & Slome, 1936). Thus near the threshold the reaction is 
certainly mediated entirely through the eyes. The smallest flux of radiating 
energy necessary to determine the reaction was measured for different wave- 
length bands. 

The second reaction used was that of ‘escaping from light’. Xenopus usually 
tends to go out of the light into the shade. The minimum flux of energy which 
made the toads go into the shaded part of a tank lit from overhead was 
measured. 

Spectral lights were obtained using an electric tungsten filament lamp, 
together with optical colour filters. The light intensity was controlled with 
‘neutral’ wedges. This light source was similar to that used by Denton & 
Pirenne (1954) for studying the absolute sensitivity of the human eye. Most 
of the colour filters gave narrow spectral transmission bands, but at the red 
end of the spectrum cut-off filters were also used. The advantages of such 
sources of spectral lights compared to monochromators are their simplicity 
of construction and calibration, and the relatively large amounts of energy they 
can deliver. In the case of animals of unknown spectral sensitivity their use 
calls for greater precautions than in the case of man, but if such precautions 
are taken they are well-suited to obtaining the general shape of the whole 
curve, which was the aim of this investigation. 


METHODS 
Melanophore expansion 
The Melanophore Index (M.1.) introduced by Hogben & Slome (1931) was used in the present 
experiments. The web between the toes is examined microscopically and the state of expansion 
of the melanophores is expressed as a number, the m.1., by comparison with an arbitrary scale. 

Specimens of Xenopus laevis, each one kept separately in a 2 1. beaker in 5 cm water, were made 
to go ‘white’ by leaving them for 32 hr on a white background. Their M.1.’s were measured and 
generally found to be equal to 1 or 2. The animals were then placed in a dark room upon a black 
background, the beaker containing a toad being surrounded by a black paper cylinder of height 
28 cm and diameter 14 cm. The apparatus is shown diagrammatically in Fig. 1. The beakers were 
under a screen of flash opal glass. This screen was 30 cm above the bottom of the beaker. The 
screen was illuminated from above by a calibrated source giving light of a known intensity 
(obtained by setting the wedges to a known position) and spectral composition (obtained by 
selecting a suitable colour filter). The distance between light source and screen was 10] cm. 
Sixteen hours later the m.1.’s were measured again. At 14°C the reaction was substantially 
complete after such a period. Since the melanophores do not change their state of expansion 
rapidly, there was ample time to find out in bright light what was the result of the experiments. 
In this way a ‘trial’ for a given intensity and spectral composition of light was made on several 
animals at once. 

For each colour filter used a series of trials was made at intensities approximately 0-5 log,, 
unite apart and including intensities above and below the threshold intensity. The m.1.’s at the 
end of these trials were recorded and plotted graphically against log,, intensity for each animal. 
A change of m.1. to 3 or more was regarded as a threshold change, and the intensity of light from 
@ given filter to give this change was found from the plotted results by interpolation. It will be 
noted that it takes several days to obtain one single point of the sensitivity curve by this method. 
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EXPLANATION OF PLATE 


Photomicrograph of a section of the retina of Xenopus laevis. Kolmer’s fixative; azo-carmine ; 
and aniline blue. Magnification x 452. Photograph kindly lent by Dr K. Tansley. 
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Reaction of escaping from light 

The apparatus is shown diagrammatically in Fig. 2. One toad was placed in 5 cm of water in 
a tank of dimensions 34 by 25 om. The sides of the tank were blackened to a height of 15 om and 
the bottom of the tank was black. The tank was illuminated from above by a calibrated light 
source placed 65 om above the bottom of the tank, no opal screen being used. Either the left or 
the right half of the tank could be covered by a wooden lid. 

The toad was first allowed to adapt to the dark for at least 2 hr before any recorded experiment 
was made. Each trial, with a given colour filter and a given wedge setting, was then made as 
follows. The lid was placed so as to cover that half of the tank containing the animal. The room 


| w 
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Fig. 1 Fig. 2 
Fig. 1, Diagram of apparatus used to determine the spectral threshold values of Xenopus by the 
melanophore expansion method. The animals ( x ) were kept in the beakers under the sheet 


of opal glass O. The light source was designed in such a way that there was no leakage of 
light from the lamp L around the wedges W or the colour filter F. 


Fig. 2. Diagram of apparatus used to determine spectral threshold values of Xenopus using its 
response of escaping from light. The animal ( x ) was free to move in the water of the tank 7’. 


being completely dark except for the source of spectral light, this light alone was shining on to the 
container. The wooden lid was then moved quietly so as to cover the other half of the tank and 
expose the toad to the light. A few minutes later the tank was inspected using a dim red light 
from a battery torch to see in which half of the tank the toad now was. If the light had been 
sufficiently bright, i.e. above threshold for the response, the animal would usually have moved 
into the shaded half of the tank. If the light were not of threshold intensity the animal would 
usually be found not to have moved into the shade. If the toad had not moved, the water in the 
tank was stirred round so as to drive the animal into the now shaded side. The wedges could now 
be reset and perhaps the colour filter changed and then another trial made. 

The animal behaved in this simple way for all the different lights of the spectrum used in this 
experiment. It will be noted that such a method does not entail watching the reactions of the 
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animal by the light of the experimental light-source alone, which in some cases would have been 
too dim for accurate human vision. 

The animals used must be carefully chosen, for, although almost all animals will go into the 
shade if the light is very bright, only a few will give accurate threshold values. With most of the 
animals used it was possible to make only twenty to thirty trials in one day, and sometimes many 
fewer than this. After responding a number of times the animal seems to become tired of the 
experiment and will then refuse to move out of the light, no matter how bright this light may 
be. On the other hand, if the animal becomes excited or frightened it will move about at random. 
All animals became less responsive in the later experiments when used on several successive days. 
Nevertheless, this method was quicker than that of melanophore expansion and in favourable 


cases several points and even a complete spectral threshold curve could be determined in one 
day. 
Light sources 

The apparatus used in the melanophore expansion method was essentially the same as that 
used for measuring human thresholds (Denton & Pirenne, 1954). It was calibrated in the same 
way to obtain the energy values of the spectral lights diffused by the screen of opal glass placed on 
top of the animals. 

In the method based on the reaction of ‘escaping from light’, the light source iteelf was used 
without interposition of an opal screen, as explained above. The total candle-power of the source, 
without colour filter and with the ‘neutral’ wedges moved out of the light beam, was measured by 
visual photometric comparison with an N.P.L. calibrated lamp, relying on the inverse square law 
for controlling intensities. It was 0-85 candela, the source under those conditions consisting of 
that part of an opal electric bulb which was diaphragmed by an aperture 19 mm in diameter 
placed close against the glass of the bulb. Knowing the colour temperature of this source, 2440° K, 
it was possible to calculate in absolute units the amount of radiating energy emitted by the 
source when any colour filter of known spectral transmission was placed in front of it, as explained 
in the above-mentioned paper. 

The density of the ‘neutral’ wedges was measured for each colour filter in turn by comparison 
with rotating sector disks. Such calibrations depend upon visual matches made by a particular 
human observer. Now as long as the wedges are substantially neutral over the transmission of the 
filter, these calibrations will be valid for any other visual system. This, however, is not true for 
the cut-off filters used in the red end of the spectrum, which transmit large amounts of infra-red 
radiation. Yet, even here, the calibrations will remain valid for animals with a sharp decline in 
sensitivity with increase in wave-length similar to that found for man, For man, and for such 
animals, the visual effectiveness of the light transmitted by such a filter is determined by a small 
fraction of its total transmission at the shorter wave-lengths of this transmission. In the present 
determinations the sensitivity curves for Xenopus were found to fall off in the red in a very 
similar way to those for man; the calibrations of red cut-off filters made by man were therefore 
valid for Xenopus. For all the other filters used but two, the wedges were substantially neutral 
across their spectral transmission. The exceptions concern the violet filters Chance OBI and 
Corning 5113. A small error is probably involved in the use for Xenopus of the wedge calibration 
made by the human eye for these filters. 

The following colour filters or combinations of colour filters were used. The Ilford filters are 
gelatine filters sealed between glass; the other filters are made of coloufed glass: Chance OBI 
(0-420 Corning 5113 (0-422 4); Corning 5113 with 3060 (0-440); Ilford 603 (0-495 u); Lford 
604 (0-519 »); Corning 3384 with 4303 and 5031 (0-520 »); Corning 5031 with 5120, 3484 and 9780 
(0-551 Ilford 605 (0-551 Ilford 606 (0-580); Corning 2418 with 9780 (0-618); Corning 
2408 (0-648 u, cut-off); Ilford 609 (0-696, cut-off); Wratten 88 (0-740, cut-off). The values 
between brackets give for each filter or filter combination the mean wave-length A, transmitted or, 
in the case of the red cut-off filters, the mean wave-length of the visually effective spectral 
band. The filters were calibrated by the National Physical Laboratory with a Hardy Recording 
Spectrophotometer. 
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The accuracy of the light energy scales is of the order of +0-10 units, as in the 
investigation. 
Black paper 


The spectral reflexion factor of the black paper used as a background in the melanophore 
expansion method was measured by the N.P.L. using a Hardy Spectrophotometer. It was found 
to increase regularly from 4% at 0-40 to 5% at 1p. 


4e 
{ 0-44 0-524 
— 1 L 
1 3 5 6 


5 


l 
2 


~ he 


4 
Intensity scale 


M.L. 
w 
> 


1 2 3 4 5 6 7 
Intensity scale 


Fig. 3. Variation of the melanophore index (m.1.) with light intensity in Xenopus. One unit of 
the intensity scale corresponds to a 10 cm displacement of the optical wedge and is approxi- 
mately equal to 1 log,, unit, its exact value depending on the wave-length used since the wedge 
is not spectrally neutral. The various response curves have been spaced arbitrarily on the 
intensity scale. The variability of the shape of the response curve for a given wave-length is 
as great as the variability, shown on the figure, from one wave-length to another. 


RESULTS 

Chromatophore expansion 

Furst experiment. In order to obtain a rough picture of the threshold curves, 

a first experiment was made with intensity steps of about 0-5 log,, units, as 
described under Methods. Five animals were used, referred to by the numbers 
2, 7, 10, 15 and 19. A series of trials was made using four different colour 
filters with the maximum intensity given by the light source. Then a second 
series was made with the intensity cut down by about 0-5 log,, units for each 
filter, and so on. Typical examples of the change in melanophore index with 
light intensity are given in Fig. 3. The threshold value is given by that wedge 
setting, obtained by interpolation, which should correspond to a melanophore 
index of 3. The corresponding spectral curves are shown in Fig. 4. 
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Second experiment. A series of trials was made for a given filter, the intensity 
going down by steps of about 0-5 log,, units from an upper value chosen on 
the basis of the results of the first experiment. Similar series were made with 
other filters. The animals used, nos. 1, 3, 5 and 6, scaanuranoneniunenedemens 
used in the first experiment. 
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Fig. 4. Spectral threshold curves of nine specimens of Xenopus, obtained by the method of 
melanophore expansion. The ordinate scale gives, in arbitrary energy unite, the luminance 
B of the opal glass screen of Fig. 1. For the sake of clarity the curves for individual animals 
have been translated by arbitrary amounts along this scale. The results have been corrected 
for the finite width of the spectral transmission of the colour filters. (Mean threshold values 
derived from these results are given in Table | and plotted in Fig. 7.) Experiments made at 
room temperature, 14-16° C, 


For toad no. 1 it was possible to use several filters in this way and then to 
repeat the first measurement for A=0-55 1. The second measurement gave the 
same value as the first. Such a check could not be carried out for the other 
animals because of an unexpected difficulty. When the animals had been made 
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to darken and pale and then pale and darken alternately every 2 days, for 
about 50 times, they lost the power of responding. Even when placed then on 
a black background in bright sunshine they remained pale. It seems possible 
that the animals had exhausted their stock of the pituitary hormone used for 
this reaction. The power to respond returned slowly over many weeks. 

No systematic difference in the kind of response was found for different 
spectral lights used. 

Fig. 4 shows the threshold curves determined for animals nos. 1, 3, 5 and 6. 
The experimental points have been corrected for the finite width of the spectral 
bands used, on the basis of the spectral sensitivity curve of Xenopus itself. 
The spectral curve used for this correction is the particularly accurate curve, 
given in Fig. 7, which was obtained for the animal called ‘.’ using the reaction 
of escaping from light. The same correction has been applied to the points 
given by the first experiment for animals 2, 7, 10, 15 and 19. 

Accuracy of the experiments. Assuming the thresholds to be constant in 
time, Fig. 3 shows that the estimated threshold value would have a maximum 
error of the order of 0-5 log,, units. Since it proved possible to repeat threshold 
measurements for only one animal (no. 1), there is for the others only the 
agreement between the different curves to give the accuracy of the experi- 
ments. These curves agree fairly well with one another for the long-wave end 
of the spectrum but show considerable variations for the shorter wave-lengths. 
It will be seen that the same applies to the curves obtained using the reaction 
of ‘escaping from light’. 

It might be feared that the above-mentioned difficulty relating to the 
apparent final exhaustion of the hormone supply in the course of repeated 
experiments might have led to a distortion of the derived threshold curve. 
The chromatophore systems of the animals might have been in different stages 
of ‘fatigue’ when different spectral bands were studied. In the case of toad 
no. 1, however, no change in the absolute value of the threshold was found 
when the measurements were repeated. Further, the results obtained in the 
first experiment, plotted on the same Fig. 4, show no disagreement with the 
results of the second. It may be concluded that, if the suspected distortion 
did occur, it was small in comparison with other experimental errors. The 
present method does not lend itself to the determination of very accurate 
threshold curves, because the measurements extend over many days and the 
threshold—as it does in the case of man—might vary from day to day inde- 
pendently of any systematic effect of fatigue. 

Shape of the curves. As already mentioned, the shape of the curves does not 
vary very much at the long-wave end of the spectrum. At the short-wave end, 
the large variations observed are probably genuine individual differences. 
All the curves indicate the presence of a minimum in the neighbourhood of 
0-564. Most of them show a shoulder at about 0-50. Table 1 and Fig. 7 
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give a mean log. threshold curve calculated by averaging all the individual 
measurements for each filter in turn. 

The scatter in the absolute levels of the curves. The nine animals used in these 
experiments were chosen as the most sensitive of fifty animals available. 
There was amongst these nine animals a total variation in sensitivity of 
1-5 log,» units. 

A few animals of the remaining forty-one were relatively very insensitive 
to light. They gave on a black background a chromatophore response to day- 
light, but not to the total white light from the source even with wedges 
removed. This means that the thresholds for all the animals are spread over at 
least 4 log,, units. 


TaBLE 1. Mean value of the visual threshold of Xenopus (melanophore 


expansion) for nine animals 
Ay (microns) 0-440 0520 0551 0618 0648 0-696 
0652 0738 0 1-091 2797 3-79 


KA) =logy, (threshold energy in arbitrary units for wave-length A). 


The threshold for chromatophore response to light is probably made, not at 
the absolute threshold of vision, but at a higher intensity level. The response 
must depend on some sort of comparison made by the organism between the 
stronger light from overhead and the weaker light reflected by the black paper 
underneath. At the absolute threshold such a comparison is probably im- 
possible to make. A human subject placed under similar experimental condi- 
tions finds it impossible to tell whether a broad tube through which he is 
viewing the test field at near-threshold illumination is made of black or of 
white paper. We do not know the value of the difference between absolute 
visual threshold and chromatophore response threshold in Xenopus. This 
difference may not have the same value in all animals on a logarithmic 
scale, 

The distribution of the present threshold values is similar to the general 
type of distribution found in human absolute thresholds with groups of subjects 
which include some suffering from ‘night-blindness’ of pathological or heredi- 
tary origin. While some animals are extremely insensitive no animal is found 
to be much more sensitive than all the others. 

The minimum retinal illumination for Xenopus. For light of 0-56, the 
wave-length which corresponds to the minimum of the mean threshold curve, 
the value of the absolute threshold intensity was calculated as described in our 
previous paper for the absolute threshold of man. For the most sensitive 
animal (no. 3), the threshold corresponded to the following value B, of the 
luminance of the opal screen 


B, =2-0 x 10~ erg/steradian x sec x cm? (field). (1) 
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Since for A=0-56 u the energy of the light quantum equals 3-54 x 10-! erg, 
this corresponds to 

B, =5-65 x 10° quanta (0-56 .)/steradian x sec x cm? (field). (2) 

(It will be borne in mind that here the light quantum is used merely as a con- 

venient unit of energy, and that this does not imply that the flux of radiating 
energy really behaves as a stream of particles.) 

Now the pupil of Xenopus may be taken to be 0-15 cm in diameter. The 


field of view for the animal consisting of a circle 7 cm in radius and 28 cm 
distant, the light flux 7, entering the pupil is (Walsh, 1926) 


F, =7 x 5-65 x 10° x 


2 
x x (0-15)? = 18,400 quanta/sec. (3) 
The retinal illumination D,, assuming that no loss of light occurs from the 
cornea to the retina (transmission factor r=1), is equal to F, divided by the 
area of the retinal image. Taking the posterior nodal distance of the eye of 
Xenopus to be 0-4 cm, this area is approximately equal to 
a x T* x (0-4/28)? = x 10-* cm? 
and the retinal illumination is therefore 
D,=6 x 10° quanta (0-56 )/sec x cm? (retina). (4) 


The rods in the Xenopus retina being about 7 in diameter, the mean 
illumination per rod is 0-23 quantum per second. Assuming for the sake of 
argument that the probability of quantum absorption by the sensitive pigment 
in the rod is equal to 0-1, one quantum will on the average be absorbed per 
second per forty-three rods. Making the extreme assumption that the prob- 
ability of absorption is equal to unity, and taking r= 1 as above, we find that 
on the average one quantum will be absorbed per second per four rods. This 
therefore may be taken as an upper value of the minimum rate of light absorp- 
tion by the retina of Xenopus which will cause melanophore expansion in these 
experiments. 

Reaction of escaping from light 

Experiments. The precautions to be taken have been described under 
Methods. Two series of experiments were made with toad ‘«’, using intensity 
steps of 0-5 log,, units. In the first series six trials were made at each intensity 
step. In the second three trials were made for each step and the range of 
intensities used was also smaller. Typical results are shown in Fig. 5. Each 
graph shows the number of times which the animal responded, against inten- 
sity. From such a graph the intensity at which the animal would respond to 
50% of the trials was derived and taken as the threshold value. The threshold 
curve so obtained for animal ‘«’ is shown in Fig. 6. 

A particularly accurate curve was determined for another animal, ‘p’. 
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Intensity steps of 0-2 log,, units were used. One trial was made at each step 
for one filter, the intensity steps being presented at random. Then similar series { 
of trials were made for the other filters in turn, the filters being used in random 
order. A whole spectral curve could be determined in a single day’s experiment. 
The threshold was usually found to be sharp for an intensity change of 


Animal ‘a’, 1st series 


5 
scale 
Animal 
1 
Intensity scale 


Fig. 5. Variation with light intensity of the frequency of a correct response of Xenopus in the 
reaction of escaping from light. One unit of the intensity scale corresponds approximately 
to 1 log,, unit as explained in Fig. 3. The individual curves, which refer to a number of 
typical experiments, have been spaced arbitrarily on the intensity scale. 


0-2 log,» units, that is, there was no response up to a certain intensity step, 
and then from the next step there was always a response, as shown in Fig. 5. , 
The experimental results for two separate days’ experiments made some ! 
months apart are given in Table 2. The spectral curve for animal ‘’ is shown 


in Figs. 6 and 7. . 
Experiments similar to those made on animal ‘uz’ were made on two others, - 

‘T’ and ‘é’. These curves (Fig. 6) were determined in less detail than that for 
animal 
ti 


These experiments were performed at room temperature (14-16° C.) 
Accuracy of the ex periments. Fig. 5 and the repeat measurements suggest 
that the threshold values for animal ‘«’ cannot have a maximum error t 


5 4 0-42 p 0-55. 0-65u 
/ 
| 
= 2 3 4 5 6 7 8 
Intensity scale 
i Animal ‘a’, 2nd series 
| x 0-52p O55 
Ey, 7 


VISUAL SENSITIVITY OF XENOPUS LAEVIS 191 


corresponding to a range of much more than 0-5 log,, units. For animal ‘,.’ 
the maximum error appears to correspond to 0-2 logy, units. The accuracy of 


OF 


04 0s 06 
Wave-length A() 

Fig. 6. Spectral threshold curves of Xenopus obtained for animals ‘x’, ‘,’, ‘¢’ and ‘7” using 
the reaction of escaping from light. The ordinates give the log,, of the illumination # at the 
eye in arbitrary energy units. For the sake of clarity the various curves have been translated 
vertically by various amounts, (The numerical values for animal ‘,’ are given in Table 2.) 
The results have been corrected for the spectral band-width of the colour filters. Temperature 
of the experiments 14-16° C. 


TasBixE 2. Visual threshold of Xenopus (reaction of escaping from 
light) for animal ‘ 


Axy(microns) 0-422 0-495 0519 0-551 0-580 0-618 0-648 0-696 0-740 
“L,() 112 O70 O61 0 013 128 #248 367 «484 


(A) = logy, (threshold energy in arbitrary unite for wave-length A). The indices 1 and 2 refer 
to two series of measurements made some months apart, (0-551), being in each series taken as 
equal to zero, 


the results for animal ‘7’ is discussed below under the heading ‘Effect of 

temperature’. 
Final approximate threshold curves were obtained in all cases by weighting 

the spectral transmission of the filters for spectral sensitivity on the basis of 
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the curve for animal ‘’. In the case of animal ‘,’ itself, for which the most 
accurate results were obtained, this means that the validity of the final thres- 
hold curve is independent of first approximations made on the wave-length A, 
of main transmission and on the total amount of energy transmitted by the 
filters. In the case of other animals, including those studied by the meth od of 
chromatophore expansion, a correction based on the curve for animal ‘,’ 
seems justified since all curves are similar in shape, and since the difference 
between the first and final approximation for animal ‘’ is, except at the red 
end of the spectrum, small compared to the estimated errors of the method of 
chromatophore expansion. 

Shape of the curves. The curves giving log,, (threshold) in terms of A are 
similar to those obtained by the melanophore methods (cf. Fig. 7). The long- 
wave end of the curves always show a similar, steady increase of threshold 
energy with increasing wave-length. The short-wave end varies in shape from 
animal to animal and, judging from the estimated accuracy, these variations 
are genuine individual differences. 

Retinal illumination. In the present experiments the field of view for the 
animal was much narrower than in the chromatophore experiments, as it 
consisted simply of the diaphragmed opal bulb without interposition of an 
opal screen. The visible part of the opal bulb was 1-9 cm in diameter. At the 
distance of 65 cm it subtended an angle of 1° 40’. On the basis of the candle- 
power measurements described under Methods, it was calculated that the 
flux F, of radiating energy of 0-56 » entering the pupil of Xenopus at threshold 
was 


F,=4-7 x 10 erg/sec = 133,000 quanta (0-56 .)/sec. (5) 
The retinal illumination D, was 
D,=1-2 x 10° quanta (0-56 .)/cm? (retina). (6) 


At the threshold of the reaction of escaping from light, for A=0-56 u, the mean 
illumination per rod was therefore about 470 quanta per second, assuming that 
there were no losses in the eye media. This reaction is less sensitive than 
melanophore expansion, both in terms of the retinal illumination and of the 
total flux entering the eye. 


Effect of temperature 

Experiments were made upon one animal (‘7'’) to test the effect of a tem- 
perature difference of 20° C on the spectral sensitivity of Xenopus. Measure- 
ments were made at 9 and 29° C, using two filters, Ilford 605 (yellow-green, 
transmitting near 0-55) and Wratten 88 (deep red, effective transmission 
near 0-744). In the present experiments it is between the lights transmitted 
by these filters that the largest change in relative sensitivity of the animal is 
to be expected. 
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Fig. 7. Absolute spectral threshold of Xenopus (temperature 14-16° C) compared to that of man. 
The threshold is expressed in terms of the luminance B of the external field in ergs per unit 
solid angle x sec x om? of the field. (In fig. 1 of our preliminary communication (Denton & 
Pirenne, 1951) the corresponding energy values were multiplied by 7. Cf. Denton & Pirenne 
1954.) The crosses (+) give the mean threshold values for Xenopus obtained by the method 
of chromatophore expansion (Table 1). The position of the curve on the energy scale corre- 
sponds to the threshold of the most sensitive animal, that is B, =2-0 x 10-* erg/steradian x 
sec x em* for A «0-56 yu. The circles (©) give the relative values of animal ‘.’ obtained by the 
method of escaping from light (mean of the measurements of Table 2), the minimum of the 
curve being made to coincide with the minimum for the ch t ion method. 
The curve for man is the mean scotopic visibility function of the Commission Internationale 
de l’Eclairage (International Commission on Illumination, 1951). The position of this curve 
has been adjusted to agree with the average absolute threshold value obtained by Denton & 
Pirenne (1954) for young subjects, thatis, B =5-9 x 10~’ erg/steradian x sec x for = 0-507 
The f/number of the eyes of man (//2-1) and of Xenopus (f/2-7) are not very different, so that 
the ratio of the retinal illumination in energy units for Xenopus (D,) to that for man (D) is 
only about 0-2 log,, units smaller than the ratio (B,/B) of the corresponding field luminances 
which can be read off the figure. 
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The reaction of escaping from light was used. To cool the water containing the 
toad down to 9° C the tank containing the animal was surrounded by a second 
tank containing a mixture of ice and water. To warm the water containing the 
toad up to 29° C the room around the tank was heated by thermostatically 
controlled electric heaters. The assumption is made that the temperature of 
the eye is substantially the same as that of the water around the animal. For 
a cold-blooded animal like the frog or Xenopus, this is very nearly true; the 
eye at the most might be 1° C above its surroundings. The animal responded 
rather more slowly at the lower temperature, and therefore 10 min were given 
for a response at 9° C and 5 min for a response at 29° C. 


Tasiz 3. Effect of temperature on the visual threshold of Xenopus 


(reaction of escaping from light) 
Temp. 
(°C) L{0-55 L(0-74 A 

lst day 9 0-90 5-36 4-46 
9 1-00 5-51 4-51 
3rd day 9 0-50 5-36 4-86 
9 0-70 5-36 4-66 
2nd day 29 0-80 4-94 4-14 
29 1-00 5-20 4-20 
4th day 29 1-10 5-04 3-94 
29 0-90 4-89 3-99 


L(A) =log,, (threshold energy in arbitrary units for wave-length A). 
A=L(0-74 pz) — L(0-55 


The thresholds for yellow-green and deep red lights were measured in pairs 
at each temperature. A first experiment was made at the temperature of 
9° C, the threshold being measured for yellow, red, yellow and red light 
successively, all on one day. A similar experiment was then made on a 2nd 
day at 29° C, another on a 3rd day at 9° C and yet another on a 4th day at 
29° C. Table 3 gives the experimental results expressed as the log,, of the 
illumination at the eye in relative energy units. 

Table 3 shows that the absolute level of the threshold for 0-55, did not 
change considerably when the temperature was changed by 20° C. That is, 
the threshold energy varied for changes in temperature from 9 to 29° C by 
little more than the variation from one measurement to another at the same 
temperature. Again, the scatter of individual measurements does not seem 
to be greater at 29° C than at 9° C, either for 0-55 » or for 0-742. This constancy 
of the response over a wide range of temperatures will be discussed later. 
Table 3 shows that the threshold for 0-74 becomes lower at the higher 
temperature. We compare the differences A between the log, threshold 
energies for 0-55. and for 0-74 in each pair of measurements in turn. The 
mean differences are: at 9° C, A=4-62; at 29° C, A=4-07. 

The mean difference between these values is 0-55, which is considerably 
greater than would occur as a result of normal day-to-day variation. Thus, 
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when the temperature was raised from 9 to 29° C the threshold for A=0-74u 
relative to that for 0-55 was lowered by about 0-55 log,, units. That is, the 
animal became about 3 times more sensitive to the deep red light when the 
temperature was raised by 20°C, while of course still remaining far less 
sensitive to this light than to yellow-green light. 


DISCUSSION 


The above results (cf. Fig. 7) show that the spectral sensitivity curve of the 
eye of Xenopus has substantially the same shape when derived by methods 
employing two very different responses of the animal: melanophore expansion 
and escaping from light. This indicates that the same kinds of visual receptors 
are involved in both cases. 

It will be noted that the two methods differed greatly in the size of the 
stimulating field, the retinal area in the first method being 324 times larger 
than in the second. This suggests the possibility that the retina of Xenopus— 
unlike that of man—may have the same spectral sensitivity over the whole 
of its extent. Microscopic examination of the retina indicated uniformity of 
anatomical structure, particularly with regard to the distribution of green- 
coloured and red-coloured rods. 


Mechanism of colour response in Xenopus 

This anatomical evidence in favour of the uniformity of the retina of 
Xenopus has a bearing on the mechanism of colour responses in this animal. 
Xenopus, when it can see, changes colour to match its own background; on 
a dark background its skin becomes dark, on a light-coloured background it 
becomes pale. In order to do this, it seems clear that the organism must in 
some way compare the intensity of light coming from above with that reflected 
from its surroundings. This comparison is made when the light above is from 
a broad field like the clouded sky, or from a relatively small source such as the 
sun, Since the reaction can take place over the exceedingly wide intensity 
range from somewhere near the absolute threshold of man to that of sunlight, 
the response must depend on the ratio of stimulation of the receptors in the 
central parts of the retina with the stimulation of those in the periphery. The 
central receptors are stimulated mainly by the light source directly, the 
peripheral ones by the light reflected from the background (Hogben & Slome, 
1936). For white light a ‘black’ background paper which reflects 5% of the 
light will look black to us and the animal will go ‘black’ (m.1. 4 or 5). For 
a ‘white’ paper which reflects 80% of the light the animal will go ‘white’ 
(M.1. 1 or 2). For a background ‘grey’ which reflects intermediate values the 
M.1. will lie between these values. 

Now Hogben & Slome (1936) have suggested that two different types of 
receptors, one in the central part of the retina and the other in the penpuery: 
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are used for this reaction, those in the centre being specially sensitive to red. 
If this hypothesis is correct, the ratio of stimulation of periphery to that of 
central parts will, for a constant spectral reflexion factor of the background 
(which is approximately the case of black paper as shown under Methods) vary 
with the spectral light used.. Suppose for the sake of argument that the two 
types of receptors had sensitivity curves like those of the rods and cones in 
human vision, the central and peripheral parts having approximately the same 
sensitivities in the deep red but very different sensitivities in other parts of 
the spectrum. Light of 0-7 would then act about as strongly on the centre 
as on the periphery, whilst light of 0-54 would be about 1000 times more 
effective on the periphery than on the centre. Calling D the retinal illumina- 
tion of the image of the overhead opal glass, the illumination of the retinal 
image of the black paper underneath the beaker would be about D/400 (for 
white paper it would be about D/20); this can be calculated from the geo- 
metrical disposition of the apparatus. For red light of 0-7 the effective 
visual stimuli would also be in the same ratio, namely D for the central and 
D/400 for the peripheral parts. For green light of 0-5, however, the effective 
ratio would be as D to {1000 x (D/400)}=2-5x D, that is the peripheral 
regions would receive a stronger stimulus than the central parts of the retina. 
It seems therefore that on a black background the animal should go black for 
red light but white for green light, because in green light the black paper would 
appear brighter to it than the light-source itself (whereas in red light even 
white paper would appear 20 times dimmer than the source). No such reversal 
of the melanophore response with change of wave-length was observed in the 
experiments made at various intensities with a black background. This would 
seem to suggest that if the centre and the periphery of the retina of Xenopus 
have different spectral sensitivities the difference is smaller than for the human 
retina. No systematic experiments were made using a white background, 
however, and with the black background the light intensities used were 
relatively low, so that the melanophore response in our experiments might 
have depended simply upon the absolute sensitivity of the central receptors. 
Thus the possibility of a difference of spectral sensitivity between the centre 
and the periphery of the retina of Xenopus remains open. 


| Comparison with the spectral sensitivity of visual pigments 

The common curve obtained in these experiments (Fig. 7) resembles generally 
the spectral sensitivity curves of man and the spectral absorption curves of 
photosensitive pigments extracted from the eyes of various animals. 
. Xenopus might have been expected to have receptors containing por- 
phyropsin, the commonest visual pigment of fresh-water animals (Wald, 
1953). The spectral sensitivity calculated on a quantum basis (Fig. 8), how- 
ever, agrees neither in the wave-length of the maximum nor in the exact 
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form of the curve with the spectral absorption of porphyropsin, The curve 
also disagrees with the spectral absorption of rhodopsin, the pigment of many 
land vertebrates and marine fish—whereas the curve for rhodopsin agrees 
closely with the corrected sensitivity curve of human scotopic vision (Stiles, 
1948; Crescitelli & Dartnall, 1953). The curve for Xenopus has at 0-56u 
a relatively narrow hump which has no equivalent in the broader and more 
regular curves of rhodopsin and porphyropsin. Direct examination showed 
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Reciprocal wave-length 1/A (cm-") 
Fig. 8. Spectral sensitivity of animal ‘yz’ (mean of the measurements of Table 2) calculated on 
& quantum basis and plotted against the reciprocal wave-length. A constant K has been 
arbitrarily added to the ordinate values to make the maximum sensitivity equal to unity. Ex- 
periment made at 14-16° C, 


that there were no absorbing pigments in either lens or cornea of Xenopus of 
sufficient density to account for this characteristic hump in its sensitivity 
curve. Thus if Xenopus receptors contain one photosensitive pigment only, it 
could be neither rhodopsin nor porphyropsin. (The theoretical basis for the 
comparison of the absorption spectrum of pigments with spectral sensitivity 
curves is given below.) 

There is no evidence, however, that the sensitivity curves of Xenopus 
correspond to responses of only a single type of receptor. At least two kinds 
of rods are known to be present in its retina. It might be, for example, that 
the green-coloured rods affect the sensitivity curve. 
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Dartnall (1953) has recently reported the presence in the retina of Xenopus 
of a pigment with a broad spectrum having an absorption maximum at 
0-519 + 0-03 u, and also of a narrow-band pigment absorbing at about 0-565 1, 
which he thinks can be correlated to the narrow peak of the sensitivity curve 
at 0-56 

Absolute sensitivity 

As shown under Results, the melanophore response is more sensitive than 
the reaction of escaping from light. Assuming that the transmission factor + 
of the eye media is equal to 1, the threshold for melanophore expansion in 
a sensitive animal corresponds to a retinal illumination D, = 600,000 quanta 
(0-56 )/sec x cm? (retina). By comparison it has been estimated (Denton & 
Pirenne, 1954) that the average value of the human absolute threshold corre- 
sponds to a retinal illumination D = 27,300 quanta (0-51 )/sec x cm? (retina). 
On a quantum basis the retinal illumination for the Xenopus response is thus 
about 20 times higher than that corresponding to the absolute threshold for 
man (cf. Fig. 7). We have seen that the absolute threshold for Xenopus is 
probably lower than its melanophore expansion threshold. Sensitive specimens 
of Xenopus laevis therefore may have an absolute visual threshold which, in 
terms of retinal illumination, comes close to that of man. In any case, the 
present results, while showing large individual variations, prove that the 
absolute sensitivity of Xenopus can reach very high values which demand 
a trigger reaction in the receptor mechanism. 

For A=0-56y the above retinal illumination in Xenopus corresponds to 
a mean value of one quantum falling upon each (7, diameter) rod every 
4 sec, though only a fraction of these incident quanta will be absorbed. In 
man the average absolute threshold corresponds to one quantum incident per 
rod (diameter about 24) every 500 sec. Light absorption by the rod pigment 
is probably higher in Xenopus than in man. In spite of this the number of 
quanta absorbed per second in Xenopus must be markedly smaller than the 
number of rods covered by the image of the field. On the other hand, there is 
no reason to suppose that the retinal action time in Xenopus is not smaller 
than 1 sec, as in man. It is therefore probable that a Xenopus rod can respond 
to the absorption of a single quantum, although no definite proof of this can 
be given here as in the case of man. . / 


Red end of the sensitivity curve and temperature effect 
The logarithm of the spectral sensitivity of Xenopus, plotted on a quantum 
basis against the reciprocal wave-length 1/A, falls linearly in the long-wave end 
of the spectrum as A increases (Fig. 8). A similar linear fall is observed in the 
case of the human rod and cone systems. 
If W) is the threshold energy entering the eye for radiation of wave-length A, 
measured at the cornea of the eye, and 7) is spectral transmission of the eye 
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media between cornea and retina, then Wr) is the threshold energy at the 
retina and (Wy,r))/hv is the same expressed as a number of quanta. The reci- 
procal of the latter value is the retinal sensitivity on a quantum basis. 

In the case of man, the following expressions (Stiles, 1948) are found to 
represent the experimental measurements 


hy hv 
log, =a constant + 0-797, (7) 
for A> 0-65, for rod vision (37° C), 
hv hv 


for A> 0-7 for cone vision (37° C). In these equations A is Planck’s constant 
(6-624 x 10-*” erg x sec), v=c/A is the light frequency, c being the velocity of 
light, k is Boltzmann’s constant (1-380 x 10-" erg/degree) and 7 is the absolute 
temperature, which is 310° K in the case of the human eye. The particular 
form chosen for these equations is related to a theory to be discussed presently. 

In the case of Xenopus, taking r,= 1, the results for animal ‘ ’ (Fig. 8) at 
T =288° K can be represented by the equation 

log, =a constant + 0-75 (9) 
for A>0-6 (15° C). For animals ‘7’, ‘«’ and ‘£’ the coefficients giving the 
slope of the curve are also approximately equal to 0-75. 

Thus the behaviour of the sensitivity of the eye of Xenopus at the red end 
of the spectrum is very similar to that of the rods in the human eye. It seems 
probable that this simple part of the curve is dominated by a single visual 
mechanism, even though the sensitivity curve as a whole may be the resultant 
of several mechanisms. 

The simplest interpretation (Dartnall & Goodeve, 1937) of the visual sensi- 
tivity curve for a single kind of retinal receptors can be stated thus: irrespective 
of the frequency v of the light, the same (mean) number J, of light quanta hv 
absorbed by the visual pigment in the receptors will determine the same (mean) 
visual effect, other conditions being of course equal. Thus 7, is independent of v: 

I, =constant. (10) 


The ratio of J, to the (mean) number J; of quanta incident on the retina is 
then 


I, constant 
l l 
If the constant visual effect considered is threshold stimulation, 1/J; is the 


same as the expression hv/(Wyr)) of the preceding section. On the other hand, 
I,/I, represents the proportion of light absorbed by the visual pigment in 
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terms of the frequency or wave-length, that is, the spectral absorption of the 
pigment in situ. If the absorption is sufficiently low, J,/1, is nearly propor- 
tional to the absorption coefficient «, for one molecule of the pigment, so that, 
finally, as a first approximation 


(12) 
Wyn 

On a logarithmic scale, therefore, the absorption coefficient of the visual 
pigment and the retinal sensitivity expressed on a quantum basis should be 
represented by curves of the same shape, displaced relative to one another by 
the same amount for all wave-lengths. 

Here we will use this simple approximation, which neglects the finite optical 
density of the visual pigment in situ, as a basis for discussion, for the accuracy 
of the measurements on Xenopus is not very high and in any case we have but 
little information on 7,, which we assume to be independent of A. 

Now in the present state of our knowledge it would be impossible to give, 
from quantum principles, a rigorous theoretical derivation of the variation 
of «,, that is of the shape of the absorption band of a visual pigment, as has 
been done in the case of certain gaseous molecules. Stiles (1948), however, 
has given a simple theoretical picture which predicts a linear fall of absorption 
in the red. The theory also predicts an increase of absorption with increasing 
temperature which corresponds to the increase of sensitivity to red light 
observed in Xenopus. 

Stiles’s theory. In the red end of the visible spectrum, according to this 
theory, the thermal energy of a chromophore group of a visual pigment mole- 
cule can become added to the energy of the incident light quantum. Absorp- 
tion of the light quantum and activation of the molecule occur when the sum 
of these two energies is equal to or greater than a certain critical value, 
whereas the energy of the light quantum alone would be too small to bring 
about such a process of activation. The resulting electron transition is the 
same as that which occurs when a light quantum of greater energy, that. is, 
belonging to shorter-wave parts of the spectrum, is absorbed by the chromo- 
phore group in the molecule. Now the probability of a ‘red’ light quantum of 
given energy being absorbed will depend on the proportion of pigment mole- 
cules having sufficient thermal energy. The thermal energy required will be 
larger, and the proportion of molecules possessing such energy will be smaller, 
when the quantum energy is smaller, hence a fall in absorption as one goes 
further towards the infra-red in the spectrum. 

As the quantitative treatment of the theory has not been published in 
a readily accessible periodical it is reproduced here in its essentials by kind 
permission of Dr W. 8. Stiles and of the Worshipful Company of Spectacle 
Makers. Suppose that to bring about the electron transition at the chromo- 
phore group, a minimum energy £, is required. This must be supplied by the 
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energy hy of the absorbed light quantum together with any thermal vibrational 
energy possessed by the chromophore group in its unexcited ground state. 
The ground state comprises in fact a whole range of possible energy levels, 
E,, E,, etc. (in order of increasing magnitude) corresponding to different 
quantized states of vibration of the group. In thermal equilibrium the chromo- 
phore groups will be distributed among these possible levels in accordancewith 
Boltzmann’s law, the number in a level of energy EZ, being proportional to 
e-kvkT where T is the absolute temperature and & is Boltzmann’s constant. 
The absorption of a light quantum of frequency »v incident on a chromophore 
group in the energy state HZ, depends on whether (hv +Z,) exceeds FE, and to 
simplify the calculations we will suppose that the absorption coefficient for 
a chromophore in the ith state has a certain constant value A when hv is 
greater than (#,—,) and is zero when hv is less than this quantity. 

Now for quanta hy greater than E, the average absorption coefficient is 
equal to A, for all chromophore groups are equally able to absorb such light 
quanta. Quanta hy less than EZ, can only be absorbed by those chromophore 
groups with thermal vibrational energy greater than (H,—hv). Thus the 
average absorption coefficient per chromophore falls from A to A multiplied 
by the fraction of the total number of molecules with such energy. This 
fraction is equal to 
E=E,—hv (13) 


> 
E=0 
the sums being made for the different vibrational levels. 
Let dm represent the number of vibrational levels between E and E+ dk. 
If now these vibrational levels are very numerous and very close together, and 
if (den/dE) is independent of Z, the sums in the above fraction can be replaced 


by the integrals Mei 
| dR 
(14) 
| BAT dE 

E=0 
and the average absorption coefficient per chromophore for quanta hy < Ky is 
equal to ; 

For one chromophore we will have the two equations 

log, %,=log, A=C forhy> Ky, (16) 


17 
log, for hy< Ey, (17) 
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where «), is the absorption coefficient and C is a constant independent of 
temperature. 

This expression would reproduce the linear variation of log, (hv/Wyr,) with 
v (or 1/A=v/c) in equations (7)-(9), but for the fact that the terms (hv/k7') are 
there affected with coefficients smaller than unity. Thus the observed gradient 
is not widely different from that given by this greatly simplified theoretical 
picture which, it may be noted, takes no account of the structural properties 
by which the chromophores of different substances must be distinguished. 

We may attribute the deviation of equation (17) from the experimental 
results (7)-(9) to the fact that A and (dm/d£) are not, as assumed, independent 
of E. The variation of A(dm/d£) with E to give the result (7) is easily obtained: 
A(dm/d#) must increase exponentially with the energy # according to the 
law A(dm/d#)=constant x where o =(1—0-79)/(k x 310)=4-9 x 10%. In- 
erease of (dm/d#) with Z corresponds to a crowding together of the vibrational 
levels towards higher energies, an effect which in the case of simple molecules 
can be traced in their spectra and related to the structural constants of the 
molecule. For the chromophore group the quantity o may be regarded as 
a kind of structural constant for the group in its particular environment and 
probably as independent of temperature. Allowing for an exponential varia- 
tion of A(dm/d#) we may write in place of equation (17) 


log, a,=a constant — +hy (18) 


where for the rhodopsin in the human rods o= 4-9 x 10". Equation (8) for the 
similar part of the human cone sensitivity curve, where the threshold response 
is thought to be dominated by the so-called ‘red’ mechanism, can also be 
written in the form of equation (18), but o must be replaced by o, =3-1 x 10”. 
The same applies to equation (9) for Xenopus, with o,=6-3 x 10. The dif- 
ference in the values for the o’s can perhaps be attributed to different nature 
of the chromophore groups. 

Magnitude of the temperature effect. With increase of temperature the relative 
number of chromophores with the higher absorption energies will increase 
with Boltzmann’s law with a consequent decrease in the gradient of the 
absorption band on the long-wave side. 

Assuming that o is independent of temperature, it is easy to decide for some 
given frequency v (hv < Z,) what effect a change of temperature from 7° K to 
T,° K will have. Let a, and a, be the absorption coefficients at 7, and 7, 
respectively for radiation of frequency v. Applying equation (18) we find 
E,—hv 


Thus the temperature effect depends on v and on EZ, but not on o provided 
o does not vary with temperature. An estimate of the light frequency corre- 
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sponding to #, can be made in the following way: a line parallel to the frequency 
axis is drawn through the maximum of the sensitivity curve; the linear part 
of the sensitivity curve is then extended until it intersects this horizontal line 
and the point of intersection gives the value of vg or \y. In the case of Xenopus 
this somewhat arbitrary method gives ),=0-58. For a temperature change 
from 282 to 302° K equation (19) predicts a change of absorption corresponding 
to 

which is equivalent to a change of 0-55 in log,,a. This agrees with the 
observed mean increase in visual sensitivity in Xenopus for the conditions 
stated, which was 0-55 log, units, the exact agreement found being probably 
accidental. 

On Stiles’s simple theory, absorption will not change with temperature for 
hv > E,. This also agrees with the finding that the sensitivity of Xenopus is 
little affected by temperature for A=0-55 py. 

It must be borne in mind however that the theory is oversimplified since, 
instead of the actual shape of the absorption curve, it predicts a horizontal 
plateau for hy > E,, followed by the linear fall described above for hy < Ey. 
On the other hand, in spite of the use of equation (12), which assumes that the 
optical density of the retinal pigment in situ is very small, the effect of tem- 
perature as studied here should be correctly represented by equation (20). 
For even if the fraction I,/I, absorbed by the visual pigment in situ were, say, 
as high as 0-9 at A=0-55,, it would only be about 10- at 0-74, (Fig. 8). In 
the deep red region of the spectrum therefore equation (12) is valid, the 
fraction I,/I, is proportional to «, and the variation of this fraction with 
temperature is given by equation (20), always assuming that a is independent 
of temperature. 

The influence of temperature on human cone vision was studied by de Vries 
(19486). The human subject made a visual photometric match between lights 
of 0-66 and 0-73, under ordinary conditions and after his body temperature 
(measured by a thermometer placed in the mouth) had been raised by a hot 
bath. In two subjects the decrease in the difference of sensitivity between 0-73 
and 0-66 was about 5+0-5% when the temperature was increased from 
37 to 39° C. This is in good agreement with the above theory which predicts 

, a drop of 43%. In the present case it is most likely that the two wave-lengths 
0-66 and 0-73 are greater than A,. The quantity HZ, which is present in 
equation (19) then disappears from the calculations and the theoretical result 
is independent of the exact value of H,. The above result is also in agreement 
with de Vries’s own theoretical calculations (1947, 1948a), but a detailed 
account of these has not yet been published. 

Broda & Goodeve (1941) found for rhodopsin in vitro a sharpening of the 
absorption curve with decreasing temperature. The increase of slope in t he 
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red end was of the kind to be expected from the present theory. More recently, 
St George (1952) reported similar results but the effect of temperature on 
absorption was less marked. He measured in vitro the temperature dependence 
of the rate of bleaching of rhodopsin for wave-lengths up to 0-75 yu. The rate of 
bleaching is independent of temperature, and depends only upon the light 
intensity, over most of the visible spectrum, but at about A= 0-60. St George 
found that it acquires a temperature coefficient which increases with further 
increase in the wave-length. St George suggests that the quantum efficiency 
of the bleaching reaction may fall towards longer wave-lengths. If such were 
the case, the interpretation of the sensitivity curves in the red might be more 
complicated than that given above, since J, might no longer be independent 
of the light frequency. The problem does not seem quite settled, particularly 
because absorption curves have not been measured beyond about 0-62. 
St George’s experiments, however, suggest that it would be possible to measure 
the spectral photosensitivity directly up to 0-75y and, failing absorption 
measurements, it would be interesting to be able to compare this with the 
visual sensitivity in this region of the spectrum. We may also have to consider 
the possibility that the quantum efficiency for bleaching rhodopsin, at least 
im vitro, may not necessarily be the same as the efficiency for stimulating the 
rod cell. 
Functional stability of the visual system 

For the reaction of escaping from light, Table 3 shows that the scatter of 
individual threshold measurements at 9°C covers a maximum range of 
0-50 log,, units for yellow-green and 0-15 log,, units for deep red light. When 
the temperature was increased to 29° C, the scatter range of the individual 
measurements was 0-30 log,, units for yellow-green and 0-31 log,, units for red. 
This is in keeping with the shape of the frequency-of-response curves shown 
in Fig. 5. It can hardly be decided if the observed scatter is due solely to 
experimental errors or also to variations in the true threshold value, but in 
any case the latter variations must have been rather small. The fact that the 
scatter does not seem to be affected by a 20° increase of temperature is of 
particular interest in showing the functional stability of the visual system of 
Xenopus. (It is of course true that in some other experiments animals were 
found to behave very irregularly but this constitutes no argument against the 
stability of the visual system in the cases considered here.) 

The effect of temperature on the absolute values of the threshold for the 
reaction of escaping from light is even more remarkable. First, it has been 
seen that the threshold for yellow-green did not vary considerably when the 
temperature was raised from 9 to 29°C. Secondly, according to the simple 
photochemical theory given above, the observed decrease of threshold for the 
deep red is due merely to increased absorption by the pigment at the higher 
temperature. That is, only the energy J, incident on the retina decreases, the 
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threshold number J, of quanta absorbed by the receptors being unaffected by 
the increase in temperature. 

If the scatter of individual measurements can be ascribed to experimental 
errors, the whole of the experimental results can therefore be explained simply 
by assuming that in the experiments made on the animal concerned the mean 
number J, of quanta to be absorbed by the receptors for a threshold response 
was independent both of the frequency of the light and of the temperature of 
the animal. Strictly speaking, however, this refers only to the visual mechanism 
dominating the long-wave end of the threshold curve: if the curve as a whole 
is the resultant of several mechanisms these may of course have different 
values of 

In the experiments discussed here the illumination per retinal rod was of 
the order of 500 quanta per second. This is much higher than the retinal 
illumination (1 quantum per second per 500 rods) corresponding to the human 
absolute threshold for large fields and long exposures— in which case a marked 
degree of functional stability was also observed (Denton & Pirenne, 1954). 
In the human case, the response must depend on single quantum absorptions 
in individual rods. In the present experiments on Xenopus each rod must 
absorb several quanta per second. It is not known in what way the nervous 
excitation resulting from such multiple quantum absorption in a rod differs 
from that caused by the absorption of one quantum at rare intervals, the 
nature of the ‘amplification’ mechanism which must be at work in the rod 
being unknown in either case. Nevertheless, it is clear that the fact that in 
Xenopus no change in threshold was found for a temperature change of 20° C 
does not necessarily imply a constancy of all the reactions involved in the 
response, It is known that the nerve impulse is not altered in character by 
a change in temperature, such as that used here (cf. Hodgkin & Katz, 1949) 
and, apart from the changes in the shape of the absorption curve noticed above, 
neither is the photochemical reaction (Dartnall, Goodeve & Lythgoe, 1938). 
It is therefore probable that a temperature change will merely alter the speed 
of certain reactions in the rod, dipolar, and ganglion cells. Now the eventual 
outcome of light absorption by the rods is a discharge of impulses in optic 
nerve fibres. If, as is assumed here at threshold, the rate of light absorption is 
independent of temperature, this modification of the intermediary processes 
may well be insufficient to change effectively the discharge of nerve impulses, 
since each impulse is an ‘all-or-none’ event. 


SUMMARY 
1. The spectral visual sensitivity of Xenopus laevis was determined by 
measuring the amounts of spectral light necessary to cause expansion of the 
skin melanophores in animals placed on a black background and illuminated 
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from overhead by a sheet of opal glass. The spectral lights were obtained by 
using a tungsten filament lamp and colour filters. 

2. The spectral sensitivity was also measured using the reaction of ‘escaping 
from light’ which makes Xenopus go out of the light into the shade. This 
method gave sensitivity curves very similar to those obtained by the method 
of melanophore expansion. 

3. The Xenopus sensitivity curve resembles generally the curve of man and 
the absorption curves of common photosensitive visual pigments, but it 
presents a peculiar hump, with a sensitivity maximum, at about 0-56. The 
shape of the curve agrees neither with the absorption curve of rhodopsin nor 
with that of porphyropsin, so that if Xenopus receptors contain one photo- 
sensitive pigment only it could be neither of these. The observed sensitivity 
curve, however, may be the resultant of several visual mechanisms. 

4. The threshold retinal illumination for the melanophore response in the 
most sensitive animal was D,=600,000 quanta (0-56,)/secxcm*. This is 
about 20 times higher than that corresponding to the absolute threshold in 
man. It is probable that a Xenopus rod, like a human rod, can respond to the 
absorption of a single quantum. 

5. The effect on the sensitivity curve of a change of temperature from 
9 to 29° C was studied using the reaction of escaping from light. The sensitivity 
to light of A=0-55y changed but little, but at the higher temperature the 
animal became about 3 times more sensitive to deep red light of A=0-74 py. 
6. The linear fall of the sensitivity curve (when suitably plotted) in the red 
end of the spectrum is explained by Stiles’s photochemical theory. This theory 
also accounts quantitatively for the influence of temperature on the sensitivity. 
The results may be explained simply by assuming that the mean number of 
quanta to be absorbed by the receptors for a threshold response remains con- 
stant when both the light-frequency and the temperature are varied. 


We are grateful to Prof. E. W. H. Cruickshank for his encouragement, to Dr W. 8S. Stiles for 
discussions and to Dr F. H. C. Marriott for his help with the calculations. We are also indebted 
to Prof. F. Landgrebe and Dr F. Munday for the gift of the animals used in the experiments, to 
Prof. R, V. Jones for the loan of apparatus and to the Medical Research Council for their support 
of this investigation in the form of an apparatus grant (to M. H. P.). 
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THE ACTION OF ACETYLCHOLINE ON THE HEARTS OF 
LAMELLIBRANCH MOLLUSCS 


By R. L. C. PILGRIM 


From the Zoology Department, Canterbury University College, 
Christchurch, C. 1, New Zealand 


(Received 11 February 1954) 


The action of the acetylcholine group of compounds on the hearts of bivalve 
molluscs (lamellibranchs) has been studied in very few species. The published 
results may be classified and summarized as follows: 

ACh applied to isolated preparations of the ventricles of lamellibranchs 
either 

(1) decreases frequency and amplitude 
(a) in high concentrations: oyster (Gryphaea angulata?) at 10, with 
diastolic arrest following at 2 x 10-°—2 x 10-~* (Jullien, 1935), 
(6) in low concentrations: clam (Venus mercenaria) at 5 x 10-%, with 
diastolic arrest following at c. 2-5 x 10-” (Wait, 1943), 
or (2) inhibits beat and produces a rise in tone or marked ‘contracture’: 
— mussel (Mytilus gallo-provincialis) at 10-°—10-* (Jullien & Vincent, 
1938). 

These results do not appear to show any overall behavioural pattern and no 
attempt has been made, as far as the writer is aware, to draw them together. 
Jullien & Vincent (1938) themselves regarded the reaction of Mytilus as 
exceptional with respect to the behaviour of mollusc preparations in general. 
Bacq (1947) and Fredericq (1947) have made surveys which include aspects of 
the physiology and pharmacology of molluscan heart tissues without appearing 
able to do more than draw attention to the lack of coherent knowledge con- 
cerning the Mollusca. Welsh and co-workers in America have followed up the 
early observations of Prosser on Venus (1940), but chiefly towards an examina- 
tion of the fundamental action of ACh in general and the importance of various 
aspects of the ACh molecule. (See Welsh & Taub, 1950, for references.) The 
present work was undertaken to examine the effect of ACh applied to prepara- 
tions of isolated ventricles from a number of different species of lamellibranchs. 
The results indicate that the gaps in the recorded observations (above) are 
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due to the restricted range of species so far used by other workers and that a 
continuous series of effects can be demonstrated ranging from very sensitive 
to much less sensitive species. The apparently anomalous situation obtaining 
in Mytilus (Jullien & Vincent, 1938) is now found in other genera including 
some in which the more usual inhibitory effects occur at low concentrations. 


METHODS 

Acetylcholine chloride (B.D.H.) was used in all experiments; it was made up weekly in a con- 
centration of 10-* (w/v) ACh in 5% (w/v) NaH,PO,, stored in a refrigerator and diluted as 
required to convenient concentrations in sea water so that the actual amount of solution added 
to the bath was no greater than 2-5 ml. Preparations were tested in ACh concentrations of 
3 x 10-*-10~* and, where they appeared critical, at intermediate values, as 3 x, 5x,6x, 10. 
The drug was added by means of a pipette to the beaker, a stream of air bubbles ensuring rapid 
mixing; washing was effected by replacing the medium as in the earlier experiments (Pilgrim, 
1953); 10-30 min were usually sufficient to allow complete recovery. The lever tension varied 
from c. 50 mg to ¢. 200 mg according to the size of the preparation. Temperature was not con- 
trolled ; it varied from 9-6 to 18-8° C over the whole investigation, but during any one experiment 
was constant to within +0-5° C, 

The animals used all belong to the order Eulamellibranchia except Mytilus (Filibranchia); no 
Protobranchia or Septibranchia were available. They comprised: Dosinia anus (Philippi), a large 
species (shell-length of average specimens 7 cm), normally found in sublittoral sandy situations 
around the New Zealand coasts; the specimens used were limited to those collected in the littoral 
zone, probably occurring there temporarily after storm disturbance to the sea bed. Without 
dredging facilities a constant supply is not assured. : 

Amphidesma forsterianum Finlay (5-5 cm), extremely abundant in sandy littoral beaches near 
Christchurch. 

A. ventricosum (Gray) (7 cm), the Toheroa of commerce, common only in the North Island, is 
not found near Christchurch. 

_ Protothaca crassicosta (Deshayes) (4 cm), common beneath rocks in the littoral zone. 

Chione stutchburyi (Gray) (3 cm), a very abundant cockle in estuaries throughout New Zealand, 

Ostrea hefferdi Finlay (6 cm), an oyster common on rocks in the littoral zone. 

Mytilus canaliculus Martyn (10 cm), a mussel extremely abundant on rocks in the littoral zone 
throughout New Zealand. 

Hyridella menziesi (Gray) (8 cm), common in quiet fresh waters connected to river systems in 
the South Island. 

The preparations were set up as described by Pilgrim (1953), except that it was found more 
convenient for small animals to tie the threads at the auriculo-ventricular junctions as described 
by Wait (1943), and this procedure was adhered to for all species. Sea water (salinity 33-0—34-5%,) 
was the bathing medium used for all marine species and 5% sea water for Hyridella, the dilution 
being made with u/400-NaHCO,. It has been shown (Pilgrim, 1953) that these media are suitable 
for lamellibranch preparations from marine (or estuarine) and fresh-water habitats respectively. 
The preparations were usually inert when first set up, but a regular rhythm was attained in 
2 or 3 hr in most cases; observations were made over the first 10 min after adding the drug, the 
reactions mostly becoming evident within half a minute. A total of 469 experiments was made 


on ninety-six separate preparations. 


RESULTS | 

The results of this investigation are illustrated in Figs. 1-3, the preparations 

being arranged in order of decreasing sensitivity to ACh. The extreme limits 

are incorporated in the figures, but individual preparations did not show so 
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much overlap of reactions as do the pooled results: data from the literature have 
been added for comparison. ACh concentrations are plotted logarithmically. 


Amplitude decrease and diastolic arrest (Fig. 1) 

These occurred over a fairly wide range of drug concentrations, but there 
is nevertheless a distinct trend in the reactions of the species from very 
sensitive, resembling Venus (e.g. Dosinia and Amphidesma) to relatively 
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Fig. 1. Results of experiments showing range of drug concentrations in which amplitude was 
reduced or diastolic arrest occurred. In Figs. 1 and 2, results from this paper are arranged 
in order of decreasing sensitivity to ACh and data from the literature are added below. Open 
areas mean no effect; shaded areas, reduced activity; black areas, diastolic arrest. In all 
figures ACh concentration is plotted logarithmically, and the numbers refer to the number 
of experiments on which the results are based. 


insensitive, resembling Gryphaea (e.g. Ostrea and Mytilus). Diastolic arrest 
was found only once in Mytilus and not at all in Hyridella; this will be dis- 
cussed later. The apparent absence of amplitude decrease in Ostrea (Fig. 1) 
may be due to its not being detected owing to the smallness of the beat, even 
when magnified by the lever. 


Frequency decrease (Fig. 2) 

In most preparations frequency was reduced, by 10-15%, along with 
amplitude, so that the graphed results (Figs. 1 and 2) are similar for species 
on which ACh has an inhibiting action. It is evident, however, that amplitude 
is usually affected at weaker concentrations of the drug where frequency may 
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be unchanged. This is in agreement with Prosser (1940) who found that ACh 


had primarily a negative inotropic effect on Venus. 
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Fig. 2. Resulte of experiments showing range of drug concentrations in which frequency 
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was reduced or diastolic arrest occurred. (Same experiments as in Fig. 1.) 
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Fig. 3. Results of experiments showing range of drug concentrations in which amplitude and 
cy were increased or systolic arrest occurred. Shaded areas represent amplitude 


(////) and frequency (\\\\); black areas mean systolic arrest. 


Amplitude and frequency increase and systolic arrest (Fig. 3) 

The first two of these phenomena do not seem to have been reported before; 
all three were found as sustained features in many preparations of Mytilus 
canaliculus, while in Hyridella high concentrations of ACh often led to ampli- 
tude increase without a lasting change in frequency, and, in ACh at 10~, to 
systolic arrest. The occurrence of systolic arrest in Amphidesma forsterranum 
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(eleven examples) and A. ventricosum (thirteen examples) is here regarded as 
of similar significance, but it is to be noted that there was never any instance 
of associated lasting increase in amplitude or frequency: in both species it was 
commonly found that ACh at 10~’ produced diastolic arrest; the same pre- 
paration in ACh at 10-* showed distinct though brief increase in amplitude 
and frequency before going into a sustained ‘contracture’, and in ACh at 
10> went immediately into contracture. Hyridella often showed the latter 
two reactions at drug concentrations 10-* and 10~ respectively. 


DISCUSSION 


The above experiments show that there is some mechanism, intimately linked 
with the rhythmically contractile system of the lamellibranch ventricle, which 
is capable of being influenced by ACh, and that the concentration of the drug 
which is effective varies between species; preparations from some species 
commonly experience a reduction in activity at concentrations which do not 
affect other species (e.g. Dosinia and Hyridella in ACh at 10-“—10-"). The 
gradation of response links together the earlier inconsistent reports of other 
workers, and may well be due to quantitative differences in the histological 
composition of the material. The evidence from the present work is not 
sufficient to permit postulating a cholinergic transmission at the ventricle of 
these animals, as Prosser (1940) was able to do for Venus, but the possibility 
is by no means unlikely and the varying sensitivities may be due to varying 
numbers of reactive elements in the tissue. Our knowledge of the histology of 
the lamellibranch heart is particularly deficient and controversial (Prosser, 
1942) and will repay investigation with modern methods. The rediscovery of 
the Mytilus-type of reaction to high ACh concentrations is particularly signi- 
ficant in that it is also found in other species, including some in which the 
depressant effect of ACh at low concentrations brings them into line with the 
remaining species. The results showing acceleration and enhancement of the 
beat upset the simple classification of invertebrate heart reactions given by 
Prosser (1942). It is here suggested that the systolic rise in tone, with accom- 
panying transient or lasting increase in amplitude and frequency, and ulti- 
mately systolic arrest, represent an action of the drug primarily on the 
contractile elements themselves (cf. the effect of high concentrations of ACh 
on mammalian voluntary muscle), though the fact that frequency does change 
may mean that the pacemaker is also affected. It is interesting in this connexion 
that a few preparations of Amphidesma forsterianum and Hyridella which 
failed to beat, nevertheless showed the characteristic strong rise in tone in 
ACh at 10~, indicating that their inertness was due to pacemaker failure and 
that their contractile mechanism was still functional. Prosser (1940) found 
a contraction in response to mechanical or electrical stimulation of ACh- 
inhibited Venus heart. 
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On the basis of the above postulates, the following is offered as an explana- 
tion of the behaviour of those preparations which are both depressed at low 
concentrations and stimulated, finally to contracture, at high concentrations 
of ACh: the low concentration tends to inhibit the pacemaker activity or 
some (neural?) element in the chain leading to contraction of the muscle but 
the drug is not at this concentration capable of itself evoking contraction; at 
high concentrations the drug acts directly on the muscle, the pacemaker being 
quite inhibited, allowing a steady sustained contraction. In Mytilus and 
Hyridella the ‘contracture’ reaction must be so pronounced as to obliterate 
diastolic arrest. The initial rapid beats of Amphidesma prior to contracture 
may be explained as due to the drug not reaching the reactive elements in 
full strength immediately. These three stages may well correspond to Prosser’s 
pacemaker, conduction and contraction mechanisms, and it may not be 
necessary to postulate nervous elements in the case of isolated preparations. 

The very sensitive species, Dosinia and Amphidesma are comparable to 
Venus in their ACh reaction, and should be equally suitable for bioassay of 
this substance. Further work is being pursued with the ACh-group and other 
drugs on Amphidesma forsterianum and Mytilus canaliculus, which are chosen 
for their availability, hardiness of preparation and, to ACh at least, con- 


trasting behaviour. 
SUMMARY 


1. Isolated ventricle-strip preparations from eight species of New Zealand 
lamellibranchs were submitted to the action of acetylcholine in concentrations 
of 3x to 

2. Some species were inhibited, finally to diastolic arrest at high concentra- 
tions; Mytilus and Hyridella showed increased activity but went into a con- 
tracture at high concentrations; others gave either reaction at appropriate 
concentrations and connect the species into a graded series. The more sensitive 
species are suggested as suitable for bioassay of ACh. 

3. The results are considered along with those of other workers, and it is 
shown that the gaps in the recorded observations are now bridged. 

4. An hypothesis is offered to explain the results described. 


I wish to thank Prof. E. Percival, F.R.S.N.Z., for providing facilities and for his encouragement 
in this work; the experiments were carried out at the suggestion of Dr W. Feldberg, F.R.S., to 
whom I am greatly indebted for advice and criticism. I acknowledge the receipt of a Research 
Grant from the University of New Zealand which partly defrayed the expenses incurred. ; 
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THE EFFECT OF CHANGE IN LENGTH ON CONDUCTION 
VELOCITY IN MUSCLE 


By A. R. MARTIN 
From the Department of Biophysics, University College, London 
(Received 22 February 1954) 


In order to account for the high capacitance of the fibre membrane in frog 
muscle Katz (1949) suggested two alternative hypotheses regarding its geo- 
metrical configuration: the membrane might be of simple cylindrical form, 
in which case the capacity measurements would require it either to be much 
thinner than previously supposed or to have an unusually high dielectric 
constant; alternatively, the membrane might be folded so that its area is 
considerably greater than the apparent surface area of the fibre. It can be 
_ shown on purely geometrical grounds that the effect of a change in fibre length 
on the membrane constants, and so on the velocity of propagation of the 
action potential, will be different in each case. Consequently, the investigation 
of this effect on conduction velocity may be expected to yield some information 
about the membrane configuration. 

There are several previously reported experiments in which the effect of 
change in length on conduction velocity has been measured. Jenkins & 
Carlson (1904) found that stretching nerve trunks in slugs had no significant 
effect on the velocity of propagation of the action potential. Bullock, Cohen & 
Faulstick (1950) confirmed these results and also reported a reduction of fibre 
diameter when the nerves were stretched. 

With respect to muscle, Hoffmann (1912) found the conduction velocity in 
curarized frog sartorius to be independent of change in length, but Hieronymus 
(1913), noting that this disagreed with the results of Feser (1896), repeated the 
experiment and could not arrive at any satisfactory conclusions. Wilska & 
Varjoranta (1940), using the transversus abdominis of the frog, found that 
a 50°% increase in muscle length was accompanied by about a 10% increase 
in conduction velocity. The experiment to be reported here, however, con- 
firmed Hoffmann’s results. 

METHODS | 
The curarized frog sartorius (Rana temporaria) was placed in a vertical position, tibial end upper- 
most, against a Perspex block with the lower end clamped at the acetabulum. The upper end was 
connected by a nylon thread to # Palmer rack and pinion fitted with a millimeter scale so that the 
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muscle could be stretched or allowed to contract to the desired length. The surface of the Perspex 
block, in which were embedded platinum stimulating and recording electrodes, was milled to 
reduce friction. The lower part of the assembly holding the muscle was enclosed in a glass bottle 
which could be filled with Ringer by raising an external reservoir. 

The recording apparatus consisted of an amplifier of standard design and a ‘Cossor’ double- 
beam oscilloscope fitted with a camera, The conduction velocity was obtained by measuring 
the peak separation on the diphasic action potential which, together with a time trace on the 
second sweep, was photographed and enlarged. A separation of 10mm was chosen for the 
recording electrodes so that the peaks were well separated on a 15 msec sweep. 

The muscle was stretched or allowed to contract to the desired length and then given five 
maximal stimuli at a frequency of 40/sec, Only the fifth action potential was recorded. As the 
tetanus was well fused at this frequency there was no possibility of the muscle being slack when 
the record was taken. This ensured that the length of muscle between the fixed recording electrodes 
was the same at all times. The minimum allowable length below which folding was liable to occur 
was determined by measuring the mechanical twitch latency, using the method of Hill (1950). 
It was found that the muscles tended to go slack, exerting no tension during the tetanus, at 
about 65% of the resting length (measured in situ with the leg fully extended). 

Records were taken in random order at four or five fixed lengths ranging from 67 to 122% of 
the resting length, total of 102 measurements being made on four different preparations. The 
tetani were given at fixed intervals of 1 min, the muscles being rinsed between recordings with 
normal frog Ringer containing 1 part in 2 x 10° p-tubocurarine. The experiments were carried out 
with the muscles at room temperature (18—20° C). 


RESULTS 


The four muscles had mean conduction velocities of 2-30, 2-26, 2-13 and 
1-88 m./sec at resting length. These values are somewhat higher than usually 
found for sartorius at this temperature, but may be accounted for by the fact 
that the frogs were selected for their large size and presumably had rather 
large muscle fibres. i 

Records of action potentials from one of the muscles at four different lengths 
are shown in Fig. 1. It will be seen that the peak separation, and hence the 
conduction velocity, is the same at each length. The results for all four muscles 
are presented graphically in Fig. 2, in which conduction velocity is plotted 
against muscle length. The velocities are expressed as percentages of the mean 
conduction velocity at resting length for the appropriate muscle. The regres- 
sion line for these points has a slope of — 0-07 (s.z. of slope + 0-02). This means 
that when the muscle length is increased from say 70 to 120% of the resting 
length, the conduction velocity decreases on the average by about 34%. 

It was noted during the experiments that the size of the action potentials 


tended to increase with the length of the muscle, varying by about 25%, 


between the minimum and maximum lengths. There are several possible 
explanations for this, the most probable being that changes in muscle length 
caused some redistribution of the external fluid volume, particularly of the 
film of Ringer’s fluid between the muscle and the Perspex block. This would 
change the local ‘shunting’ ratio of the external to internal resistance and 
consequently alter the height of the recorded action potential. But this change 
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in the external fluid shunt would also introduce a small change in the con- 
duction velocity (Hodgkin, 1939; Katz, 1947). It-was necessary therefore to 
consider the size of this effect and determine whether it affects the interpreta- 
tion of the results. 

Suppose the membrane action potential is 120 mV while the recorded 
potential is v, (about 25 mV), Then the effect of the outside resistance is to 


Fig. 1. Effect of change in length on diphasic peak separation. Records from the same 
muscle at (1) 78%, (2) 94%, (3) 110% and (4) 122% of resting length. 


reduce the conduction velocity below its maximum (obtained with zero 
external resistance) by a factor of ,/(1—v,/120). Division of all the recorded 
velocities by this factor should yield corrected values corresponding to velocities 
in a large volume of fluid and no longer affected by external resistance changes. 
The accuracy of this correction factor was confirmed by a separate experiment 
in which the muscle was shunted with strips of wet filter-paper and the 
resulting changes in conduction velocity and spike height measured. The slope 
of the regression line for the corrected values (Fig. 2) is not significantly 
different from zero (corrected slope: +0-01, s.z. +0-02). It appears, there- 
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fore, that the slight decrease in conduction velocity with increasing length was 
due to a fortuitous change of the external shunting and that, apart from this, 
the conduction velocity is independent of alterations in muscle length. 


20 = 
0 i L i 
60 70 80 90 100 110 120 130 
Length (% resting length) 


Fig. 2. Relation between conduction velocity and muscle length. (a) Dotted line: uncorrected 
regression line; solid line: corrected regression line, @=<constant; (b) Theoretical line, 

DISCUSSION 


On the basis of the local circuit theory of Offmer, Weinberg & Young (1940) 
the conduction velocity (@) is proportional to the expression C-*R-®*(aM)~°*, 
where C is the membrane capacitance per unit area, 1/R is the conductance per 
unit area of the active membrane and a is the fibre radius. 
where r, and r, are the resistances per unit length of the internal and external 
fluid. If the external fluid is uniformly distributed, r,/r, will not vary signi- 
ficantly with the fibre radius so that Mocr,oca~*; or in the case of the corrected 
values, M =r,cca~*, Therefore 
C1 


It will be assumed throughout that the fibres are cylindrical and of constant 
volume so that a will vary with the fibre length (1) as aocl-®*. Therefore 

(1) 

The unfolded membrane. In the case of the unfolded membrane the capaci- 


tance per unit area is inversely proportional to the membrane thickness 6. 
If the membrane is of constant volume, 5 will vary as [-°*. Therefore 


Cocl®5, (2) 
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If it is assumed that the active membrane conductance, 1/R, is proportional 
to the number of active ‘carrier molecules’ per unit area and that the total 
number of these active molecules is constant, then 1/R will be inversely pro- 
portional to the total area (A) of the membrane. Since Acc/-5, 


Rel, (3a) 
In addition, it may be assumed that Roc3, In this case 
Rac — (36) 
From (1), (2) and (3a): 
Or, alternatively, from (1), (2) and (36) 


The folded membrane. There are a number of conceivable ways in which the 
membrane might be folded, one of which will be considered here. That is the 
case in which the membrane is in the form of a slack wrinkled envelope with 
both longitudinal and tangential folds so that changes in the length and diameter 
of the fibre affect only the degree of folding. In order that the whole of the 
membrane should contribute to the capacitance and transversal conductance 
at all lengths it is assumed that the folds are not intimate. 

In this case both the capacitance and the transverse conductance per unit 
apparent area will be proportional to the ‘folding factor’, i.e. true membrane 
area/apparent surface area. This is given by the expression A/2a,l, where A 
is the total membrane area and a, is the mean fibre radius. Since A is assumed 
constant and a, is proportional to [-°*® 

Cal, (4) 
(5) 


It follows from (1), (4) and (5) that @oc?®; that is, that the conduction velocity 
is independent of the length of the fibre. Hodgkin (1954) has obtained the 
same result for the folded membrane without reference to the above theory, his 
proof being based on much more general considerations. The constancy of the 
conduction velocity with respect to change in muscle length may be explained 
then on the basis of the folded membrane model. The slight negative slope of 
the uncorrected regression line is less than one-tenth of that required by the 
alternative model (@ocl-®5 or [-4) which is therefore not consistent with the 
experimental results. 

In view of the results of Bullock et al. (1950), it is possible that the folded 
membrane hypothesis may be applied to some nerve as well as muscle fibres. 
On the other hand, the conclusions of Wilska & Varjoranta (1940) differ from 
those reached here. However, in their experiments the muscles were subjected 
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to considerably greater stretch than was found possible with the sartorius 
without causing irreversible damage, and it may be that this rather extreme 
stretching altered the excitability of the membrane. 


SUMMARY 


1. The conduction velocity in the frog’s sartorius muscle has been found 
to be nearly or completely independent of changes in length of the muscle 
between 67 and 122% of the resting length. 

2. This constancy of the conduction velocity may be accounted for on the 


basis of a ‘folded membrane’ hypothesis. 


I am indebted to Prof. B. Katz for constant encouragement and advice, and to Mr J. L. 
Parkinson for unfailing technical assistance. 
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A NOTE ON CONDUCTION VELOCITY 


By A. L. HODGKIN 
From the Physiological Laboratory, University of Cambridge 
(Received 3 March 1954) 


Martin (1954) has shown that the conduction velocity of a frog’s sartorius 
muscle is not altered by changing the length of the muscle. He pints out 
that this result is consistent with the assumption that stretching straightens 
out folds in a membrane of constant total area. A quantitative basis for this 
argument is provided by the expression which Offner, Weinberg & Young 
(1940) derived for the propagation of a discontinuous change of e.m.f. in 
a cable-like system. Since the properties assumed by Offner ef al. do not 
correspond at all closely to those in an actual nerve or muscle, it is natural to 
wonder whether more realistic assumptions would give the same answer. The 
purpose of this note is to show that the result derived from the equation of 
Offner et al. is extremely genergl, since it turns out to be a consequence of 
- assuming that conduction Cecens about by local circuits in a continuous 
cable-like structure. Myelinated fibres, in which conduction is saltatory, are 
excluded from the analysis. 

For a uniform fibre with internal resistance per unit length r; the longi- 
tudinal current inside the fibre, 7;, is “7 =, where z is distance along the 
fibre and v, is the potential of the inside. If the fibre is immersed in a large 
volume of conducting fluid the outside of the fibre is practically equipotential 
and the potential of the inside may be equated to the potential difference 
across the membrane without sensible error. From these relations, and from 
the fact that the membrane current per unit length, i,,, is necessarily equal to 

where i,, is the current crossing the membrane per unit length of fibre (out- 
ward current here taken as positive) and v,, is the potential difference across 
the membrane (defined here in the sense internal potential minus external 
potential). 

Equation (1) has been used or implied by many authors from Hermann and 
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Cremer to the present day; references to the earlier literature are given by 
Katz (1939). 
The current density (J,,) through any patch of membrane which is sufficiently 
small to be regarded as flat is given by 
1 

sr, oa? (2) 
where s is the area of membrane per unit length of fibre. Provided that the 
fibre is capable of conducting an action potential at constant velocity, 0, it 
follows that during steady propagation 

1 

(3) 
No membrane properties are assumed in deriving equation (1) and the only 
reservation which must be made is that equations (1)—-(3) will not be accurate 
unless the wave-length of the action potential is large compared to the radius 
of the fibre. This condition is satisfied by striated muscle and by most other 
electrically excitable tissues. It is now assumed that conduction is brought 
about by local circuits, or to be more precise, that the only way in which one 
region of membrane influences the potential difference across another region 
is by supplying or withdrawing current. This means that the time course of 
v,, (or I,,) is determinate if the time course of J, (or v,,) is known. Hence if 
I,, = G(t) then v,,= F(t), where F(t) and G(t) are single valued functions. In 
general the relation between F(t) and G(t) is extremely complicated and there 
will be no simple connexion between them. However, if the membrane is 
capable of conducting an action potential at constant velocity, it is necessary 
that one pair of these functions should be linked by equation (4): 


1 

I k (4) 
where k is a constant. Unless this were true it would be impossible to satisfy 
equation (3), and conduction at constant velocity would be impossible. The 
important point about the relation is that k depends only on the local pro- 
perties of the membrane; it does not vary when conduction velocity is altered 
by factors which change the current distribution in the fibre without affecting 
the membrane. In the present case stretching is assumed to straighten the 
membrane but not to alter the properties of any patch which is sufficiently 
small to be regarded as flat. 

On comparing equations (3) and (4) we have 


k 
sr,’ (5) 
[= (6) 
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where X is the cross-sectional area of the fibre and R, is the specific resistance 
of the protoplasm. The total volume, V, in a fibre of length L is 


V=XL, (7) 

and the total surface area, A, is A=slL. (8) 
kV 

Hence RA’ (9) 


This does not contain L explicitly; V (the volume) plainly cannot alter on 
stretching and the same is true of A since we are considering a folded membrane 
of constant total area. 

Dimensional arguments of this type lead to two other results which have been 
mentioned elsewhere (Rushton, 1951; Rosenblueth, Wiener, Pitts & Garcia 
Ramos, 1948; Hodgkin, 1947). In the first place it is clear from equation (9) 
that if one is comparing unmyelinated fibres of different size, but with mem- 
branes and axoplasm of identical specific properties, the velocity in a large 
volume should vary as the square root of the diameter. In practice, this 
relation is unlikely to be exactly obeyed since it is improbable that the 
membranes and axoplasm will be identical in fibres of different size. The 
relation is, however, of value in defining the purely dimensional effect of 
a change in diameter. 

The third result is relevant to the experiments in which fibres are trans- 
ferred from a large volume of conducting fluid to a small one in which the 
external resistance per unit length, r,, is comparable to that of the axis 
cylinder. In the former case equation (3) applies, in the latter, the term r; must 
be replaced by (r;+r,). Since the membrane properties are not altered by 
changing the volume of external fluid it follows that the velocity should be 
proportional to (r,;+r,)-+. The experimental results obtained with the axons 
of Carcinus and Loligo agree well with this prediction gig 1939, 1947; 
Katz, 1947). 

SUMMARY 
The following theoretical predictions can be made for continuous fibres in 
which conduction is brought about by local electric circuits. 

1. The velocity in a fibre with a folded membrane should be independent of 
the length of the fibre provided that the total area of membrane remains constant 
and that stretch does not alter the local electric properties of the membrane. 

2. When measured in a large volume, the conduction velocity of fibres with 
identical membranes and ene should vary as the square root of the 
fibre diameter. 

3. When measured in small abies. the conduction velocity of a fibre 
should be inversely proportional to the square root of the sum of the external 
and internal resistances per unit length. 


I am indebted to Mr A. F. Huxley and Dr W. A. H. Rushton for much helpful discussion. 
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THE EFFECT OF ADRENALINE ON THE RAT DIAPHRAGM 
PREPARATION DEPRESSED BY EXCESS POTASSIUM 


By KATHARINE A. MONTAGU 
From the Department of Physiology, King’s College, London 
(Received 27 January 1953) 


Hajdu & McDowall (1949) showed that when the contractions of the isolated 
rat diaphragm preparation were depressed by excess potassium in Krebs 
solution, recovery could be produced by adding 100g adrenaline to the 
50 ml. bath. Smaller doses of adrenaline were later reported to be effective 
(Knox, McDowall & Montagu, 1951). This effect has now been investigated 
in greater detail, using innervated preparations, with the object of elucidating 
the mechanism of action of adrenaline. 


METHOD 
The modification of the method of Biilbring (1946) described by Hajdu, Knox & McDowall (1950) 
was used. A slip of the rat diaphragm with its phrenic nerve was suspended in a 50 ml. bath 
containing Krebs solution at 36-5-37-5° C through which a mixture of 95% O, and 5% CO, was 
bubbled. The preparation was stimulated through the phrenic nerve by single rectangular pulses 
of 200 usec duration. Supramaximal stimuli were used at a frequency of 6/min, except where 
otherwise stated. 
Adrenaline solutions were prepared daily in distilled water from Parke Davis ‘ Adrenalin’. 


RESULTS 


The effect of potassium 
Fifty ml. Krebs solution contains the equivalent of 22-25 mg KCl. Hajdu 
et al. (1950) found that addition of about 29 mg extra KCI1/50 ml. produced 
augmentation of contractions which was followed by depression. Addition of 
smaller doses produced augmentation only. 

These results have been confirmed but rather more KCl was found necessary 
to depress the contractions. A constant level of depression was maintained by 
adding to the bath 2-6 ml. Krebs solution at 37° C when the contractions had 
been reduced to about one-half of their initial size by the extra KCl; the 
volume of fluid in the bath was readjusted to 50 ml. about 5 min later. Such 


& preparation continued to give a constant but reduced response to nerve 
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stimulation for more than 4 hr, but preliminary experiments showed that the 
effect of adrenaline became reduced by the prolonged excess of potassium. 
Therefore, in the later experiments described below, adrenaline was always 
added within 40 min of the KCl. 

The initial augmentation produced by extra KCl was usually 35-40% of 
the initial twitch response, but was sometimes as much as 65%. In the 
experiments described below the augmentation produced by adrenaline bore 
a less constant relation to the initial twitch response than it did to the largest 


3 


Contraction height ( % of KCI stimulant level) 


0-4 0-8 12 16 
log (extra KCI), mg/SO ml. 
Fig. 1. The relationship between twitch height about 40 min after addition of KCl, and log 


(extra KCl) in two preparations, ( x ) and (A). Contraction heights expressed as percentages 
of ‘KCl stimulant level’. | 


contractions produced by KCl, the ‘KCl stimulant level’. All contraction 
heights were therefore assessed as a percentage of this level. The twitch height 
in normal Krebs solution was usually about 70%. In preparations depressed 
for the first time by KCl, 24g adrenaline had a greater effect than in prepara- 
tions subsequently depressed by KCl. During the recovery produced by 2g 
adrenaline in preparations depressed for the first time, the contractions were 
sometimes as great as 120% of the ‘KCl stimulant level’, whereas adrenaline 
in subsequent KCl depressions produced recovery to only 85-90%. The larger 
adrenaline responses obtained on the first KCl depression were ignored, and 
the results to be described refer to adrenaline recovery in preparations which 
had been depressed at least twice by KCl. 

With a small dose of extra KC] the contractions did not reach a steady level 
until 40 min or more after its addition; the curves shown in Fig. 1, in which 
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the final contraction height is plotted against extra KCl, were obtained by 
allowing 40 min between each dose. 


The effect of adrenaline | 

In most preparations in which the contractions had been depressed by th 
addition of KCl to a steady level corresponding to about 30% of the ‘KCl 
stimulant level’, 0-05 adrenaline produced just perceptible recovery, 0-5 ug 
adrenaline recovery to about 70%, 2ug to 85-90% (Fig. 2), and 100ug 
adrenaline to 90-93%. The time course of the recovery also varied with the 
dose of adrenaline; the recovery occurred more quickly with the larger doses. 


Fig. 2. Recovery given by 2g adrenaline/50 ml. from depression produced by extra KCI. 


A previous dose of adrenaline reduced the effect of a subsequent one when 
the preparation was not washed between the two. The reduction was greater 
the greater the size of the first dose; it was almost complete after 100 ug 
adrenaline and absent with five successive 0-05 yg doses. 

Recovery produced by small doses of adrenaline (0-05-2.g) was maximal 
within 15 min; it sometimes persisted until the preparation was washed 1~2 hr 
later. In other experiments the contraction height declined but usually did 
not quite reach its original depressed level. Persisting recovery was more 
frequent the smaller the dose of adrenaline. A large dose of adrenaline (5g or 
more) has never given prolonged recovery; moreover, persisting recovery 
produced by a small dose was reversed by a large dose, after this had first 
produced some further recovery. 


Antagonism of potassium by adrenaline 3 
When a further 2-4 mg KCI was added to the bath while adrenaline was 
acting, the effect varied according to the time at which the KCl was added. 


When added 1-3 min after 2g adrenaline, the contractions became tempor- 
| 15-2 
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arily greater than with the adrenaline alone. But when added after about 
30 min, the contractions became reduced to the depressed level which existed 
before the adrenaline was given. At this time, and in the absence of adrenaline, 
as little as 0-25 mg KCl increased the depression. 

The antagonistic effect between adrenaline and KCl was further investigated 
by adding mixtures of adrenaline and KCl to preparations already depressed 
by KCl. As illustrated in Fig. 3, the addition of a mixture of 1-0 ug adrenaline 


Fig. 3. The effect of a mixture of 12 mg KCI and 1 yg adrenaline on a preparation 
depressed by extra KCl. 


and 12 mg KCl produced a transient depression (at B). The contractions 
during the recovery from the depression, as at C, Fig. 3, often became slightly 
greater than they were before the addition of the adrenaline-KCl mixture. 
This recovery was more pronounced when the preparation was then left to 
soak unstimulated in K-free Krebs solution for 5 min and the experiment was 
repeated, but on subsequent repetitions it became less pronounced. : 
An attempt was made to find a range of mixtures of adrenaline and KCl 
which would produce a constant effect. The bath was filled with a measured 
50 ml. Krebs solution at 37° C. The preparation was stimulated at a rate of 
5/min and its contractions were depressed by addition of 33-35 mg KCI to 
about one-third of the ‘KCl stimulant level’. The stimulation rate was then 
changed to 18/min; this was usually sufficient to arrest the depression, but 
when it was not, 0-5-2 ml. Krebs solution at 37° C was added and this volume 
of solution withdrawn about 3 min later. A mixture of adrenaline (0-05 or 
0-2 ug) and KCl (1-5-6-5 mg) was then added and the maximum response (as 
at C, Fig. 3) noted. The experiment was repeated several times with the same 
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amount of adrenaline but with differing amounts of KCl until a mixture was 
found which produced such an effect that the maximum contractions (C, Fig. 3) 
were equal to the initial contractions (A, Fig. 3) in two successive experiments. 
The preparation was left to soak unstimulated in K-free Krebs solution for 
5 min between each experiment. Subsequently, mixtures containing succes- 
sively increasing amounts of adrenaline as well as of KCl were tested once each 
on the same preparation. The whole process was then repeated on other 
preparations until, by successive approximation, mixtures were found which 
produced the desired effect on three different preparations (equal contractions 
at A and C). These mixtures are given for one series of experiments in Table 1; 
in this series, the figures for KCI are slightly below average. 


TaBLE 1. Antagonism between adrenaline and potassium (see text) 


Amount 
of adrenaline Amount of KCl 
(ug) in mixture (mg) in mixture 
0-2 5-0 
0-5 9-0 
10 11-75 
1-5 13-25 
2-0 14-25 
5-0 16-6 
20-0 18-25 
100-0 18-25 


In another series of experiments the antagonism exerted by 0-05 and 100 ug 
adrenaline was determined; it varied from 1-6 to 2-2 mg KCl for 0-05yg 
adrenaline, and from 22-5 to 25 mg KCl for 100g adrenaline in these relatively 
fresh preparations. 

DISCUSSION 


The present experiments show that the ability of adrenaline to antagonize 
KC! is large in preparations of the rat diaphragm already depressed by extra 
KCl. Thus 0-05 wg adrenaline can antagonize about 2 mg KCl, i.e. one molecule 
of adrenaline can antagonize 100,000 potassium ions. This proportion will be 
very much smaller at the cell surface, because if K,, K,, A, and A, denote 
surface and bulk phase concentrations of potassium and adrenaline respectively 
and if K,/K, is taken as 2 and A,/A, as not less than 2 x 10° (Danielli, 1944), 
then K,/A, lies between 4000V, and 4000V,+1, where V, denotes the volume 
of the surface phase in millilitres. A rough idea of V, may be obtained by 
assuming that the extramuscular surface phase is created by a shell of albumin 
molecules forming the outer surface of the muscle fibre. Using Clark’s figure 
(Clark, 1938) for the total surface area of the fibres in 1 mm* of rabbit's 
skeletal muscle, 50 cm®, and Danielli’s figures for the radius and surface phase 
volume of an ovalbumin molecule, 2-75 x 10-? cm and 1-08 x 10-"* ml. respec- 
tively (Danielli, 1941, 1944), V, would be about 10-* ml. with a muscle of 
0:1 ml. volume. Thus at the cell surface and with these assumptions, the 
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number of potassium ions antagonized by one adrenaline molecule would be 
only about four. 

It has further been shown that 0-5yg adrenaline produces recovery to 
about 70% of the ‘KCl stimulant level’ and antagonizes about 9 mg KCI; 
removal of this amount of KCl might be expected from Fig. 1 to produce 
maximum recovery to 100%. But recoveries to more than 70% are pro- 
duced only by doses of adrenaline larger than 0-5ug and these recoveries do 
not ordinarily reach 100%. These facts are probably due to complexity in the 
mode of action of potassium as well as of adrenaline, for in preparations 
depressed by extra KCl, removal of some of the extra potassium by dilution 
with normal Krebs solution has less (and also slower) effects than had its 
addition 20 min earlier; full recovery is not obtained. _ 

Both KCl and adrenaline are known to prolong the duration of the active 
state of muscle, and this augments the contractions (Goffart & Ritchie, 1952). 
Each may also alter, probably in opposite directions, the ratio of the con- 
centrations of intramuscular and extramuscular potassium (Goffart & Perry, 
1951). Some similarity in the mode of augmentation by KCl and of the 
recovery, in depressed contractions, produced by adrenaline might explain the 
finding that the adrenaline recovery is more consistent when compared with 
the ‘KCl stimulant level’ than with the contractions in normal Krebs solution. 
Some difference is probably evidenced by the fact that when a preparation is 
depressed for the first time by KCl, the recovery then produced by adrenaline 
may greatly exceed the ‘KCl stimulant level’. This larger recovery is not 
caused by a larger antagonism of potassium, for this antagonism, with small 
doses of adrenaline, is smaller in the first than in subsequent experiments. 

Prolonged recovery was most frequently produced by the smallest dose of 
adrenaline (0-05.g), and with this dose there was no reduction in the size of 
the recovery produced}by a subsequent 0-05ug dose. On the other hand, the 
recovery with a large dose, 100ug, was transient and no recovery was pro- 
duced by a subsequent dose. The duration of recovery and the size of a 
subsequent recovery may therefore be related. 


SUMMARY 


1. The effect of adrenaline on the contractions of the innervated rat 
diaphragm preparation depressed by extra KCl in Krebs solution has been 
studied. Adrenaline produces recovery which can be prolonged, but there 
tends to be an inverse relation between duration of recovery and dose of 
adrenaline. Increasing the stimulation rate also produces some recovery. 

_ 2. The amounts of KCl have been found whose further depressant effect is 
antagonized by various doses of adrenaline. Using a 50 ml. bath 0-05yg can 
antagonize the effect of 1-6-2-2mg KCl, i.e. about 100,000 K ions are antagonized 
by one molecule of adrenaline. 100g adrenaline can antagonize 25 mg KCl. 
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COMPARISON OF VARIOUS MEDIA FOR IMMERSING FROG 
SARTORII AT ROOM TEMPERATURE, AND EVIDENCE FOR 
THE REGIONAL DISTRIBUTION OF FIBRE NA* 


By MARY J. CAREY anp E. J. CONWAY 
From the Department of Biochemistry, University College, Dublin 


(Received 12 November 1953) 


The muscle fibre membrane is freely permeable to K and Cl ions (Boyle & 
Conway, 1941; Wilde, 1945). It is in fact readily permeable to all ions below 
a certain mean diameter (Conway, 1947). Thus whereas K, Rb, Ca, Br and 
NO, enter more or less readily, Li, Na and HCO, ions enter comparatively 
very slowly, and the general difference is explicable in terms of the diameter of 
the hydrated ions, though this does not explain certain individual differences 
in rates of ion passage through the membrane (Conway, 1947). 

While Na ions enter only very slowly into muscle compared with K ion 
entrance, the fact of their entrance, however slowly, coupled with a free Cl 
entrance necessitates an active process of excretion. The same also holds for 
the nerve fibre (see the review by Hodgkin, 1951). 

It was shown that when Na ions had entered the fibres (taken as a whole) to 
a considerable extent after a prolonged K-free diet (Heppel, 1939) this Na 
uptake was in turn actively excreted when the animal was placed on a diet 
rich in K ions. But the active excretion of the Na content in excess over the 
normal value was very slow, the half period of extrusion being about 3 days. 
This may be compared with the findings of Heppel (1940), labelled Na ions 
mixing much more quickly with the increased muscle fibre Na than such a slow 
net excretion would suggest. The result may be interpreted in terms of Ussing’s 
‘exchange diffusion’ (1949), though another possibility arises from the findings 
described in the present communication. 

With the isolated frog sartorius, Harris & Burn (1949) and Levi & Ussing 
(1948) have shown a rather rapid mixing. Harris deduced that the relative 
rates of K and Na ion fluxes per unit concentration were in the ratio of 7 to 1. 

Such relative rates should now be considered in the light of the evidence 
presented here for the localization of the intra-fibre sodium. Even apart from 
such evidence of Na ion localization in muscle, it will appear from the results 
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described that the fibres of the isolated sartorius, immersed in ordinary 
Ringer fluid, cannot be considered as having the same degree of membrane 
permeability at room temperature as the fibres of the sartorius in vivo. 


METHODS 


Procedures 

Net entrance rates of Cl and Na ions into fresh isolated sartorii immersed in various media. The 
sartorii were removed and the surfaces dried on filter paper slightly moistened with Ringer fluid, 
then placed in the immersion fluid. Alternatively, the surfaces were not dried, the muscles being 
directly removed into the immersion fluid. The immersion fluids were of different kinds, e.g. 
heparinized whole frog blood or plasma, Ringer's fluid as ordinarily used with frog tissue, and 
Ringer’s fluid of similar inorganic composition to that of frog blood plasma (Boyle & Conway, 
1941) and kept saturated with a gas mixture containing 3% CO, and 97% O,. The immersions 
were conducted at room temperature. Sartorii were removed for analysis after different time periods. 

Labelled K (K) entrance into the frog’s sartorius immersed in heparinized frog blood plasma at 
0-3° C. Pairs of sartorii (from Rana temporaria) were removed. Great care was taken to prevent 
any injury to the muscles, Their surface was not dried, and where the muscle was attached at one 
end to bone, a little of this was removed, the muscle attachment not being severed. 

The muscles were quickly weighed before placing each separately in 1 ml. of heparinized frog 
blood or plasma saturated with a gas mixture and containing labelled K ions. The blood or plasma, 
with the muscles, was contained in small flat-bottomed tubes, which were corked and gently 
shaken in a mechanized shaker, either at ordinary room temperature (18° C) or at a temperature 
in the region of 0-3° C, throughout the experiment. One of the muscles was removed every 10 min 
and its companion every 30 min (the latter to investigate by comparison possible effects of the 
periodic removal). The muscles, removed with forceps, had their surplus fluid quickly drained 
from the tissue by placing this against the side of the tube. They were then placed on planchets, 
care being taken to keep them in the centre of the disks. After this they were introduced into the 
counting chamber of a Geiger-Muller counter and the counts per minute observed under standard 
conditions, the muscles being then returned at once to their solutions. It was sought to keep the 
period of removal from the solution and the counting as brief as possible. 

After a 2 hr immersion period, the muscles after counting were not returned to their solutions 
but placed in centrifuge tubes holding 1 ml. of x/10-HCIi solution containing also m/5-KCl. These 
were placed in a boiling water-bath until the muscle disintegrated, which occurred in a few 
minutes. Evaporation into the atmosphere was prevented by placing rubber caps on the tubes. 
From each of the resulting solutions, 0-35 ml. was taken and placed on a planchet, the count being 
taken under similar conditions as for the fresh muscle. Counts of 0-35 ml. of the immersion solutions 
were also taken . After correcting the counts for decay (expressing them for the time corresponding 
to zero time of the immersion) the result was expressed as the ratio (count per g muscle)/(count 
per g external fiuid). 

By comparing the last direct count of the muscle with that for the same muscle disintegrated as 
described, a factor relating the two counts could be obtained. Using this factor the true value of 
the above ratio could be obtained from the direct counts on the muscle throughout. 

Entrance of labelled K into sartorii immersed in chloride-Ringer and sulphate-Ringer fluids. The 
muscles on removal were quickly weighed before placing in 1 ml. of a Ringer solution containing 
labelled K ions, its companion being placed in a sulphate-Ringer solution of the same Na and 
K ion content with sulphate ions entirely replacing the usual Cl ions (composition given below). 
The muscles were then treated as above, counts being taken every 10 min after immersion for 
each companion muscle. 

Entrance of labelled K into sartorii immersed in glucose solutions containing K,SO,. The solutions 
contained 2-8% glucose (w/v) and different concentrations of K,SO,. They were investigated for 
K* entrance as in the experiments using sulphate-Ringer solutions. 
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Exit of sodium from fresh sartorii, Net exit into glucose and glucose-KCi solutions. In these 
experiments at room temperature, a group of twenty sartorii were immersed in 20 ml. of 3:2% 
glucose, and similar groups were immersed in 3-2% glucose containing 100 mm-KCl. Mixing was 
carried out by bubbling with O,. From time to time small samples of the fluid were removed for 
chemical analyses and were replaced at once by similar volumes of the original fluid. 

Net exit of Na* into K,S0, solutions at 0-3° C. The immersion solution corresponded to the 
Ringer-sulphate solution described below, where only K salts were used. 

Exchange of labelled Na from fresh sartorii in plasma, Ringer and in sulphate- Ringer fluids. The 
muscle sodium was labelled by injecting a small volume of NaCl solution containing “Na into 
frogs, and removing the sartorii on the following day. The isolated sartorii were then immersed 
in Ringer fluids of different composition with or without K ions, or using sulphate-Ringer fluid. 

Immersion fluids 

Heparinized blood or plasma. The blood from several frogs was collected. Each frog was 
stunned, one leg was sectioned at the knee and the blood was collected into a small tube con- 
taining a few milligrams of pure heparin. Care was taken to avoid any contamination with body 
fluids. If plasma were required, the mixed blood was centrifuged and the plasma removed. 

Ringer-Barkan fluid. This, as used for these experiments, contained Na and K ions in the same 
concentration as blood plasma and 11-9 m.equiv/l. HOO, with other constituents as previously 
described (Boyle & Conway, 1941) and was saturated with a gas mixture containing 3% CO, and 
97% Oy. | | 

Special Ringer fluid with inorganic composition similar to that of blood plasma. This was made as 
previously described (Boyle & Conway, 1941). The fluid was saturated with a gas mixture containing 
97% O, and 3% CO,. (As one of the present authors designed the fluid it will for convenience be 
referred to as Ringer-Conway fluid.) 

Ringer fluids of the following composition. NaCl concentration =z mm; KCl concentration = 
y mm; (x +y)=100. CaCl,, NaH,PO,, NaHCO,—each 1 mm. 

Sulphate- Ringer fluids. Na,SO, concentration =z mu; K,SO, concentration = y mm; (xz + y) = 90. 
Ca(OOC.CH,),, Na,HPO, and NaH,PO,, each 1 mm. 


Chemical determinations 
Chloride. This was determined by a microdiffusion method (Conway, 1935). 


Sodium and potassium. These were determined on extracts of the muscle after drying and ashing 
(adding a few drops of conc. H,SO, after drying) by means of the Beckman flame photometer. 


THEORETICAL SECTION 


Theoretical considerations relating to entrance rates of **K* into muscle fibres as 
studied with respect to the isolated frog sartorius 
If a single muscle fibre is immersed in Ringer fluid with constant K* concentration (C,) and 
a minute quantity of “*K* is introduced into the external fluid, as labelled K* (the latter not 
influencing the external K* concentration appreciably), then the “*K* will enter the fibres unti! 
finally the ratio of its concentration across the membrane is the same as the ratio of the total K* 
concentrations. 

During the entrance of the “K*, by far the main obstacle to the diffusion is provided by the 
muscle fibre membrane, diffusion through the fibre substance being relatively so fast that diffusion 
gradients within the fibre are not here significant. One may write then (Conway & Hingerty, 
1948) 


Here the dashed symbols represent the radioactive K*, or “*K*, 0’, and (%, being the concentra- 
tions in plasma and muscle and dQ,,/dt the rate of entrance of**K* into the fibres. A is the surface 
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area. P, and P,, are the entrance and exit rates respectively of K* for the muscle fibre (per unit 
concentration and unit surface) under the given conditions. When equilibrium is attained, 


=P 
and as then OG, (2) 
it follows that Py _ 


(Boyle & Conway, 1941; Conway & Hingerty, 1946). 

For present purposes P, and P,, are used for convenience as separate constants for a fixed 

external K* concentration. Equation (1) may be written 
where k,=P,<=P,~, and similarly ky=P,=, where r is the radius of the fibre. 

Also, the following equation applies for the rate of increase in concentration of ““K* in the 
interspaces 

Here the muscle is regarded as a thin plate of material bounded by parallel planes and z is the 
perpendicular distance of any point from one surface (which may be taken as the lower surface). 
In equation (4), 6 and a are the areas of the fibres and the interspaces in a plane passing through 
z and parallel with the boundary surfaces. The value of 6 may be referred either to the interfibre 
water or to the whole fibre substance. In the first case }=0-67 and a=0-13 and in the latter, 
0-87 and 0:13 respectively. It does not matter for the calculations which of these 5 values is used 
provided the fibre concentrations are expressed accordingly—either as concentrations per litre 
of fibre water or per litre of the whole fibres. The value of } as 0-67 is chosen here, the concentrations 
being expressed per litre of fibre water. 

Equation (4) is practically the same as that given by Harris & Burn (1949) and may be written 

where Dj; is the effective diffusion coefficient of “*“K* through the interspaces (written D,/d* by 
Harris & Burn, where A is a factor compensating for increased length of diffusion paths around the 
fibre cylinders. The term a on the left of equation (5) is not included in their published differential 
equation, though a similar factor was included in a privately sent correction on a reprint.) 

The term aD; may be included in one constant Z. The integration of equation (5) for constant 
“*K* value externally, all other conditions being likewise maintained constant, has been given by 
Harris & Burn (1949) and attributed to Mr Wigglesworth of the Mathematics Department, 
University College London. 

The rather complicated integration was rendered manageable by some legitimate simplifications, 
and the reader is referred to equations (7a) and (8a) of the paper of Harris & Burn for equations 
from which and may be calculated. Here (“*K;,] is the average intra- 
cellular concentration of “K* over the thickness ‘I’ of the muscle and [Kj] is the average 
concentration of ““K* in the interspaces, (“Kj] being that of the external concentration. 


RESULTS 


Effect of different immersion fluids on Cl and Na entrance 
into isolated sartorvi at room temperature 
The results are summarized in Figs. 1 and 2. In Fig. 1 the chloride entrance 
into the fibres at various times up to 60 min and over the equilibrium values 
to be expected in vivo are given. This involved no correction of the total Cl 
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figures observed for the plasma or blood or the Ringer-Conway fluid but for 
the Barkan and Ringer fluids deductions were made for the interspace increase 
in chloride over the normal and for an increased Donnan equilibrium Cl value 
for the fibres. For the Barkan fluid used, this amounted to 0-8 m.equiv/kg 
deduction for interspace and only 0-1 for the Cl in the fibres (the equilibrium 
value being deducted from the Donnan equality of the product of K and Cl 
concentration within and without). For the Ringer fluid (with 0-74% NaCl 
concentration) it amounted to 6-9 and 0-6 m.equiv/kg muscle. The totals are 
therefore 0-9 and 7-5 m.equiv/kg for the Ringer-Barkan and Ringer fluids 


respectively. 
Px 
20 A 
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Fig. 1. Effect of different immersion fluids on chloride entrance into isolated sartorii at room 
temperature. Each point represents the mean of four different sets of analyses of two muscles. 
The chloride entrance over the equilibrium values expected in vivo (see text) are given. 
A, with Ringer fluid containing 0-74% NaCl concentration; B, with Ringer-Barkan fluid; 
C, with Ringer-Conway fluid; D, with plasma; £, with heparinized frog’s blood. The fluids 
are described under ‘ Methods’. 

Fig. 2. Effect of different immersion fluids on Na entrance into isolated sartorii at room tem- 
perature. As in Fig. 1 each point represents the mean of four sets of experiments. F, with 
Ringer fluid, as described in text but without bicarbonate and the same mean concentration 
of Na ions as frog plasma; G, with Ringer-Barkan fluid; H, with Ringer-Conway fluid; 
I, with plasma. 


The points given in Fig. 1 represent the means of four different sets of 
analyses of two muscles. 

The results show that when the sartorii are immersed in ordinary Ringer 
fluid (with 0-74°% NaCl) there is a rapid and considerable entrance of chloride 
into the fibres amounting to about 20 m.equiv/kg (curve A). 

A marked diminution of this chloride increase is evident in Ringer-Barkan 
fluid when the external fluid has 11-9 m.equiv/l. of bicarbonate (curve B) and 
the same Na content as frog plasma. It is still less when the immersion is in 
the Ringer-Conway fluid (C) and in plasma (D). 
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In all these instances the surface of the muscle was dried before immersion. 
When surface drying was omitted, and the muscles were immersed directly in 
heparinized frog’s blood, there was almost no increase in muscle chloride over 
about 1 hr (curve £). 

In Fig. 2, a marked increase of Na ions occurs on immersion in a Ringer 
fluid without bicarbonate and containing a little phosphate but with the same 
mean concentration of Na ions as frog plasma (curve F). With the Ringer- 
Barkan fluid (@) the increase was less marked and either with plasma (/) 
or with the Ringer-Conway fluid (H) there was very little change up to 80 min. 
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Fig. 3. Entrance of labelled K* into the sartorius. Room temperature. The curves represent the 
values obtained from three different experiments on single muscle immersed in plasma with 
a very small amount of labelled K* added. Ordinate: (counting rate per g muscle)/(count- 
ing rate per g plasma). 

Fig. 4. Entrance of labelled K* into the isolated sartorius. The dots represent the means of five 
experiments with the consignment of frogs received in June, counted every 10 min. The circles 
represent the means with companion muscles from the same frogs counted after each 30 min. 
The crosses are the means of seven experiments with a consignment of frogs received in 
November. The muscles were immersed in heparinized frog’s blood plasma at 0-3° C. 


Entrance of labelled K* into the isolated sartorius 

In Fig. 3 are given the results of three different experiments (this diagram 
was shown at the International Physiological Congress in Copenhagen, 1950). 
The immersion fluid was plasma with a K* content (including labelled K*) of 
approximately 5-7 m.equiv/1. 

Many more experiments were subsequently carried out, great care being 
taken to avoid any injury to the muscles on removal. The fibres were not 
severed, but a little of the pelvic bone removed with them. They were im- 
mersed in fresh frog plasma (in equilibrium with 97% O, and 3% CO,), and 
gently shaken at room temperature. To determine if the brief periods of re- 
moval for counting affected the permeability the companion muscles, otherwise 
similarly treated, were counted after each 30 min instead of after each 10 min. 
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The results are shown in Fig. 4. The dots represent the means of five 
experiments with one consignment of frogs received in June. The circles 
represent the means with companion muscles from the same frogs counted 
after each 30 min. The crosses are the means for seven experiments with 
a consignment of frogs received in November. 

It will appear that as judged from the upper curve, the values for the count 
ratio, counting each 30 min, lie along practically the same line as for each 
10 min. It appears from Figs. 3 and 4 that labelled K* enters rapidly at 
first into the fibres and then much more slowly. There are two distinct phases, 
the level of the first greatly exceeding that of the interspace. Thus the inter- 
space value is approximately 0-13-0-12 (Boyle & Conway, 1941; Desmedt, 
1953) so that the count ratio for the fibres in the first phase is 0-50. The half 
period of this first phase is about 8 min. As the mean K content of the plasma 
(with labelled K addition) was approximately 5-7 m.equiv/l. this means that 
the first mixing phase is concerned with 5-7 x 0-50 or 2-85 m.equiv K/kg muscle. 
Since the average total K content of the muscle is 85 m.equiv/kg the first 
phase involves only 3-4% of this value. If the region of the first phase had 
the same content as the muscle as a whole it would also indicate that 3-4°% 
of the fibres or 3-4 % of the fibre space was involved. Evidence however will 
be presented showing that the K content in the special region is considerably 
less than in the fibres as a whole, and that such fibre space under consideration 
is about 10% of the whole fibre space. 


Entrance of labelled K* into sartorii immersed in chloride-Ringer 
and sulphate-Ringer fluids 

Many more experiments were carried out in which the companion muscles 
were immersed in sulphate-Ringer (composition given in Methods), the mean 
external K* concentration for the two series of companion muscles being 
7-5 m.equiv K*/l. with a Na* concentration of 172-5 m.equiv/l. Fig. 5 gives 
the mean counts for a series of twelve experiments. It will appear that the 
first phase is about the same in magnitude and in rate in chloride-Ringer 
(Fig. 5.4) as in sulphate-Ringer (Fig. 5B) but K* enters more rapidly in the 
second phase with chloride-Ringer. Again, the level of the first phase is 
approximately 0-62—0-13 or about 0-49, and the half period is about 8 min. 
The individual values of this phase lie in nearly all cases between 0-4 and 0-9. 

At this stage, and before considering any further implications of the 
qualitative difference between the initial and later entry rates, it is necessary 
to consider whether a curve of the experimental kind described may not arise 
from diffusion conditions as a whole and not necessarily imply any anatomical 
localization of a region or groups of fibres with much higher entry rate of K* 
than the general group of fibres (or fraction of a general fibre mass). 

We have therefore plotted the theoretical curve of [(@K+}/[@Kj] against 
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time assuming uniform permeability to K* (Fig. 6, curve A, the ratio being 
multiplied by ‘6’ or 0-67 for comparison with the experimental data referred 
to a kg of total muscle weight.) Here [“K>] is the average “K* concentration 
over the thickness ‘1’ of the muscle, and [Kj] the external “K* concentration. 
The small value for the interspace concentration is not included.) The calcula- 
tions have been made from equations (7a) and (8a) of the paper of Harris & 
Burn (1949). Assuming an external Ringer solution with KCl concentration 


of 0-06%, the values of k,, ky and Z being taken from their results, 
B 
A 
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Fig. 5 Fig. 6 
Fig. 5. The entrance of labelled K* into sartorii immersed in chloride-Ringer and sulphate- 
Ringer at 0-3°C. Ordinate: (counting rate per g muscle)/(counting rate per g external 
fluid). Each point represents the mean from a series of twelve experiments. A, with 
chloride-Ringer (10 m.mole KCi/1.); B, with sulphate-Ringer (5 m.mole K,S0,/1.; C gives 
the mean curve of the first phase calculated from B. oa 
Fig. 6. Count ratio for K against duration of immersion. A, theoretical curve of 0-67 x (“K;)/ 
{**K%] for the isolated frog sartorius bathed on both sides with Ringer fluid, “K* entering 
from the external fluid. Thickness of muscle=(-1 cm. External KCl concentration, 


0-06 g/100 ml. The single &, and b, figures and value of Z(-“') Seomn data of Haris & 


Burn (1949). B, curve as for ‘A’ with thickness of muscle not significantly differing from 
zero. C, mean curve for experimental entrance of “*“K* from a sulphate-Ringer fluid containing 
10 m.equiv K*/l. into thirty-one single isolated sartorii. This experimental curve would 
include the relatively small interspace values. Temp. =0-3° C. D, an example of an entrance 
curve for “K* into the sartorius, when after the first phase of entry there is an extremely 
slow increase, 
and assuming further an /? value of 0-01 cm? with the muscle bathed on both 
sides, it will be seen that the initial form of the experimental curve (curve C, 
average for thirty-one single muscles each observed up to 20 min) is quite 
unlike the theoretical one based on single values (under the given conditions) 
of k, and k,. When the value of / in the theoretical equation is diminished so 
much that ? is not significantly different from zero, the curve (curve B of 
Fig. 6) differs very little from that with /?=0-01 cm*. In effect, therefore, 
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where K* entrance into muscle is in question, and the muscle thickness is 
equal to or less than 0-1 cm, the muscle being bathed on both sides with the 
Ringer fluid, the form of the equation of entrance (with single values of k, and 
k,) approximates closely to the form 


ORS ky 
and becomes practically independent of the size or thickness of the sartorius 
muscle. This equation therefore may be expected to apply to the single 
isolated muscle fibre if there were single values of k, and k,. The effect on the 
entrance rate of “K* of varying the muscle thickness can be readily examined 
experimentally. 
16 


Count ratio R 


0 20 4 860 80 100 120 
Time (min) 


Fig. 7. K entry into sartorius muscles of different sizes. Count ratio against time of immersion 
in sulphate-Ringer with 10 m.equiv/l. labelled K. Crosses, mean values for muscles in the 
range 40-20 mg (10 muscles). Circles, mean values for muscles in the range 100-80 mg 
(10 muscles), Temperature, 0-3° C. 


Effect of muscle size on the entrance rate of *K* into the fibres 

A series of thirty-one experiments were carried out in which single sartorii 
with weights varying from 100 to 30 mg were in turn immersed in a sulphate- 
Ringer solution containing 10 m.equiv/l. labelled K*. Stirring and counting 
were carried out as described in Methods. 

From these experiments it would appear beyond doubt that muscle weight 
within the range indicated has practically no effect on the rate of “K* entry 
into the fibres under the given conditions. 

Fig. 7 shows that the average curve for muscles is the same in the range 
100 to 80 mg weight (average weight =94 mg) as in the range 40 to 20 mg 
(average weight = 37-5 mg). 

A more detailed statistical analysis can be given by taking for each of the thirty-one muscles 
the “*K* entrance (expressed as the count ratio) after 100 min, and determining the correlation 
of R (count ratio as already described) with W the muscle weight in milligrams, and the regression 
equation showing the effect of W on R. Of the thirty-one single sartorii in the weight range 100 to 
30 mg, two gave aberrant values, the entrance of**K* being 3 times or more the standard deviation 
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for the whole group. These aberrantly high rates were not confined to muscles of small weight since 
with a few experiments on muscles over 100 mg one such very high rate of entrance also appeared. 
The following results were obtained, the two high values being included. 


N =31 Ow = 22-8 mg 
=~ 8 mg 0-484 
M,= 1-41 r= —0-07 
The regression equation is 
R= -15x 10-*W +1-50. (7) 


Here a change of muscle weight from 100 to 30 mg (change of ‘/*’ from about 10 x 10-* cm to 
4-5 x 10-* em) gives mean 2 values from 1-35 to 1-45 or an increase of 8%. If, however, the two 
aberrant values are excluded, the following data are obtained: 


N =29 Ow = 22-9 
My =60-5 0-32 
1-27 r=+ 0-03 
and the regression equation is 
R= +0-4x 10-°W +1-29. (8) 


A change of muscle weight from 100 to 30 mg is associated with a mean change of R from 
1-33 to 1-30 or a small but not significant fall in R occurs. 


It will appear from such results that relatively wide changes in muscle 
weight have very little or no effect on the entrance rate of “K*. Very similar 
results were obtained when the entrance rates after 40 min were considered 
instead of after 100 min. 


The effect on the magnitude of the first phase in sulphate-Ringer fluid of 
increasing the external K concentration 

From a study of the curve of entrance of “K* for sulphate-Ringer fluid into 
the sartorius, after the initial rapid entrance which comes to an end usually 
after about 40 min, there is a much slower linear or near linear increase up to 
about 100 min. After this period there is a further slow decline in entrance 
tate. This occurs even with 10 m.equiv/l. K* or less outside and when only 
a relatively small fraction of the equilibrium value has entered. 

To ascertain the magnitude of the first rapid period, it would seem legitimate 
to extrapolate from the practically linear region (40-100 min) and to take the 
point where the line cuts the ordinate as the level of the first phase. No great 
accuracy can be claimed for such extrapolation, but it gives at least approxi- 
mate values, and that is all that is required for the subsequent calculations. 

In changing the external K* concentration, as the K,SO, content was 
increased, the Na,SO, content was decreased, the sum of the two being 
90 m.mole/l. or 180 m. rel : the external K concentration be expressed 


logarithmically as log ale 100| where [Na*] and [K*] are the 


concentrations of Na and. K ions in the external fluid, there is a linear or near 


linear relation between such logarithmic figures and those for the first phase 
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(data in Table 1). If the latter be expressed as counts per g muscle divided 
by counts per g external fluid, and 0-13 be subtracted for the interspace, the 
relation may be expressed by the regression equation 

P = —0-213A +0-64. 
P represents the magnitude of the first phase and A the value of 


Tasxz 1. Effect on the magnitude of the first phase in sulphate-Ringer of increasing the external 


count of “K*/g muscle 
K concentration. P in the fourth column = -( t of 8K iA minus 0-13. 
K conen in Na concen in 
external fluid external fluid log _100[K] 
(m.equiv/1.) (m.equiv/1.) (Na) +(K]) P 
5-0 175 0-45 0-67, 0-52, 0-57, 0-36 
10-0 170 0-74 0-47, 0-55, 0-73, 0-40 
20-0 160 1-04 0-28, 0-35, 0- 
40-0 140 1-35 0-41, 0-29 
60-0 120 1-52 0-48 
80-0 100 1-64 0-14, 0-20 
120-0 60 1-82 0-20, 0-18, 0-34 


There isa mean change of P from 0-49 to 0-23 as the external K* concentration 
changes from 10 to 120 m.equiv K/]. Also, a change of external K* concentra- 
tion from 5 to 20 m.equiv/]. produces a change in the P value of only 1-3: 1-0. 

If it be considered that the interpretation of the first rapid entrance arises 
from a rapid entrance of K* into some fibre region or group of fibres and the 
ending of the phase indicates the saturation of this region with “K*, then if 
the region in question contained K* in similar concentration to the rest of 
the fibres, balancing therein a steady concentration of non-diffusible anions, 
a change of external K* concentration from 5 to 20 m.equiv should cause 
@ fall in the ratio to one-fourth of its value. 

What happens—namely a change of the ratio from 1:3 to 1-0—is well 
explained by the view that the region of the first phase contains a considerable 
amount of Na* and a K* content much reduced below the average fibre 
level. If this is so, immersion in glucose solution (2-8°) containing K,SO, 
(5 m.mole/l.) should result in all the Na* and K* of the special region exchang- 
ing with labelled K* and a much higher level for the first phase could be 
expected. The results of two such experiments giving very similar results are 
shown in Fig. 8. 

Extrapolating the line drawn through the points after 40 min cuts the 
ordinate at 1-12, or 0-99 on subtracting the interspace value. The external K* 

value in such experiments was 10 m.equiv/lI. 
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Rate of Na emergence from sartorii immersed in isotonic glucose 
with and without added K ions 
In such experiments conducted at room temperature (approximately 18° C) 


20 sartorii were immersed in 3-2°%, glucose and from time to time samples of 
the fluid were taken for analyses of Cl’, Na* and K*. 


“0 20 40 60 80 100 
Time (min) 
Fig. 8. The effect on the magnitude of the first phase of K entry of immersing the sartorii in 
glucose-sulphate solution containing labelled K (10 m.equiv/l.) at 0-3° C. 


Results from such experiments have been already described (Boyle, Conway 
Kane & O’Reilly, 1941), but without inclusion of KCl in the glucose solution. 
In the paper mentioned (Fig. 4 therein) it will be seen that practically all the 
chloride emerges rapidly corresponding to a similar rapid emergence of the 
interspace Na. But the curve of Na* loss from muscle rises along a second 
phase corresponding to the fibre sodium, the potassium loss being slow and 
steady, and after 3 hr representing only about 20% of the total K*. After 
that time most of the fibre Na* has emerged, about 2-4 m.equiv/kg remaining. 

The essential point to report from the present experiments is that the 
inclusion of 100 mm-KCl in the solution causes a very rapid loss of almost all 
the Na*, such loss occurring now within about 20 min. (These recent experi- 
ments have been summarized in a diagram given in a paper (Conway, 1953) 
read at the Conference on Active Transport at Bangor, 1953). 

It was considered advisable to repeat these experiments using a much lower 
concentration of K* in the glucose solution. A series of immersions were 
carried out at room temperature with groups of four sartorii in a solution 
containing 2-8 g glucose/100 ml. and 5 m.mole K,S0,/l. The groups of four 
muscles were removed at various times and their Na* content determined. 
The results are shown in Fig. 9 (curve B) which also includes the ee “4 the 
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previous experiment (curve A). A further series was also undertaken in which 
labelled Na* was injected into frogs the day before, and the counts for isolated 
sartorii (immersed in 2-8°% glucose solution containing 5 m.mole K,S0,/1.) 
determined as already described. The count at zero time was taken as equi- 
valent to the mean concentration of Na* in the sartorius muscle and so the 
concentration after various periods of immersion was determined. The mean 
of three such experiments is shown in Fig. 9 (curve C). 


Loss of muscle Na (m.equiv/kg) 


) 20 40 60 80 100 120 
Time (min) 


Fig. 9. The curves show the loss of Na from sartorius muscles immersed in glucose solutions with 
and without K ions. A (dots), in 3-2% glucose solution with 100 m.mole KCi/l. B (crosses), 
in 2-8% glucose solution with 5 m.mole K,SO,/l. C (triangles), external fluid same as in B, 
but the Na* in the muscle was labelled by injecting labelled Na* into the frog the previous day. 
Concentrations of Na determined from the relative counts. D (circles), in 3-2% glucose 


There is only 1-6 m.equiv Na*/kg difference between the levels of the curves 
A, Band C after 20 min, and this may be due to differences in the amounts of 
fibre Na* in the different batches of frogs or possibly to some other causes, but 
the fact that in the emergence of the fibre Na* increased greatly in the presence 
of 5 m.mole K,SO,/l. in 2-8% glucose solution is sufficient for the present 
discussion. The curve of the loss of muscle Na* without K* ions in the external 
fluid is shown in curve D, Fig. 9 (from data of Boyle & Conway, 1941). 

Little difference appears between the results using KCl concentrations of 
5 and 100 mm in the glucose solution. 

A small fraction of the sodium (2-4 m.equiv/l.) appears to come out very 
slowly. The rapidity of emergence of the major fraction of the muscle Na* in 
exchange for K* ions under these conditions is most readily interpretable as 


a simple diffusion exchange, with respect to a region in which the muscle Na* 
is largely localized. 
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Distribution of fibre size in the frog sartorius 
The question of this distribution arises in discussing the explanation of the 
first rapid phase of entry of “K* into the fibres. Fig. 10 is a histogram giving 
the frequency distribution of fibre diameter in a frog’s sartorius (Rana 
temporaria), with class divisions of 20,. 


0 20 4 6 80 100 120 140 160 180 200] 
Fibre diameter (x) 


Fig. 10. Histogram showing distribution of fibre diameters in a frog's sartorius. One hundred 
fibres were measured from the one sartorius muscle. Weight of muscle, 72 mg. Mean fibre 
diameter, 102. Katz (1948) found a mean of 75y with other frog muscles. 


For the histogram, 100 fibres from one sartorius muscle were counted, similar 
distributions being found for other muscles. 

The mean fibre diameter found was 1021. There was only 3% of the fibres 
with a diameter less than 0-4 of the mean (and this would mean only 1:2% 
of the total volume) and 11°, with less than 0-5 of the mean diameter. 

The initial rate of entrance of “*K* approaches 5 times that of the rate when 
the first phase has ended, so that the fibre distribution could not account for 
any such difference. 

Further, if the theoretical curve of entrance of “K* into the muscle fibres 
be drawn (curve A, Fig. 11) using the simplified equation (6), above (with 
1=0-1 em and k,=0-00162 corresponding to a “K* ratio of 1-4 after 100 min 
assuming @ single k, value) and assuming a uniform fibre diameter and if in 
turn a similar curve be drawn where the fibre diameter is 0-33 of that in 
curve A, one obtains curve B. In this curve there is no appearance of a 
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phasic nature like that of the experimental curve. (Curve C shows the mean 
of the two curves A and B.) 


32 


0 20 40 60 80 100 
Time (min) 

Fig. 11. Curve A shows the theoretical time course of the entrance of “*K* into the fibre using 
equation (6) in text; external K* concentration of 10 m. equiv/l. Curve B shows the “K* 
entrance rate into the same muscle, with the average muscle fibre one-third the thickness 
of the average fibre in A. Curve C is the mean curve between A and B. The value of 
k, ~0-00162, which gives the theoretical value for a count ratio of 1-40 after 100 min. 
Ordinate: (counting rate per g fibre water)/(counting rate per g external fluid), 


DISCUSSION 


From the results described it will appear that in the entry of “K* into the 
isolated sartorius there occurs a first phase which is much more rapid than 
the ensuing rate. This was first shown at the International Physiological 
Congress at Copenhagen (Conway, 1950), and also recently shown by Harris 
(1953) who suggested that it might be due to entrance into damaged fibres. 
The evidence submitted in this paper is against such a view. 

It would seem at first plausible that the phasic entry might arise from 
overall diffusion conditions. If, for instance, it were supposed that owing to the 
entry of “K* in relatively large amounts into the fibres the intercellular K* was 
relatively much lower over a long period towards the centre of the muscle than 
towards its periphery then a first rapid phase of entrance into the superficial 
fibres could be expected. This view is untenable on two main grounds. 

First, the form of the curve to be expected with single values for the 
permeability constants, under the conditions, can be drawn from the inte- 
gration of the differential equations (applying to diffusion into both inter- 
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spaces and fibres) as given by Harris & Burn (1949), and it shows no phases on 
the curve of entry corresponding to the experimental curve. Further, it would 
appear that for muscles with thickness of 0-1 cm and bathed on both sides 
by the labelled K* Ringer solution there is very little difference between the 
rate and that theoretically deducible for muscles the thickness of which 
diminishes towards zero value. 

Also, it may be calculated that the interspace concentration of “K* after 
10 min immersion is 94°%, of the external value, when the total K* concentra- 
tion outside is 10 m.equiv/l. Harris & Burn calculated, for muscles bathed 
in a Ringer fluid (containing 2 m.equiv labelled K*/l.) a value of 86% after 
400 sec, increasing to 94% after 10,000 sec. (Their figure of 57% after 
1000 sec for an external value of 8-1 m.equiv/l. is a miscalculation, the cor- 
rected value being approximately 92°.) It may be noted that with external 
K* concentration of 2 m.equiv/l. the loading of “K* into the fibres is about 
5 times greater than with an external K* concentration of 10 m.equiv/l. Our 
experiments have been mostly conducted with external K* concentrations at 
or near this latter figure. 

Another important reason why the initial rapid entrance of “K* is not 
assignable to entrance into superficial fibres due to diffusion conditions, is that 
the experimental results show that the rate of entrance of “K* is practically 
independent of the size of the sartorius muscle (range of 100 to 30 mg with 
10 m.equiv/l. labelled K* outside). The evidence indicates then that the first 
rapid entrance of K* is into a fibre region with a permeability to K* ions 
differing from that of the general fibre mass. 

In an initial consideration such a region might be one of the following: 


(a) A group of fibres with much smaller diameter than the average, and 
into which K* may be expected to enter more rapidly—because the per- 
meability constant is related inversely to the radius. 

(6) A group of fibres, with the same or similar mean diameter as the total 
number, but having a different permeability to K* ions. 

(c) A region in each fibre, possibly the sarcolemma. 

The first of these possibilities could not appreciably contribute to the first 
phase because only upwards of 3% of the number have a mean diameter of 
the required level, or less than one-fourth the general average, and this 
number would correspond to only 1-2% of the total volume. 

Without further examining here the possibilities of (b) or (c) above, one 
suggestion arising from the rapid K* entrance is that the major fraction of 
the fibre Na* might be localized in such a region. The arguments and additional 
evidence for this may be presented under the following heads: 


(a) A much more rapid K* entrance into such a region makes it very 
probable that there is a more rapid diffusion of Na* than into the general 
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body of the fibres. From this it is probable in turn that in the steady state 
such a region has a much higher content of Na* ions. 

(6) The form of the curve of “K* entry taken in relation to the evidence 
discussed above indicates that the initial rapid phase is begun and practically 
completed within 40 min. This would imply also that all the K* of such a 
region becomes labelled in the same degree as the external K* or that the 
specific counts become the same. Then the region of the first phase, if it con- 
tained the same K* concentration as the average fibre, balancing therein non- 
diffusible anions, could be expected to show a 4 times decrease in the count 
ratio (g muscle/l. external fluid) when the external K* is changed from 5 to 
20 m.equiv/l. A much smaller change in fact occurs. This is readily inter- 
pretable if the region contains much less K* and much more Na* than the 
average fibre. 

(c) If the first phase of entry is examined for muscles immersed in isotonic 
glucose, containing 5 m.mole/]. K,SO,, a much higher level of the count ratio 
is to be expected since all the Na* of the region should rapidly exchange 
for labelled K*. (Experimentally, it has in fact been shown that the fibre 
Na* does rapidly exchange for K*.) The results are in accordance with 
expectation. 

(d) The very rapid exit of most of the Na* from sartorii when immersed 
in isotonic glucose containing 100 m.mole KCl/l. or 5 m.mole K,SO,/l. when 
Na* may be assumed to exchange for K* also supports the view that most of 
the fibre Na is localized in a region freely permeable to Na as well as K ions. 

The above four points, taken together, support strongly the conclusion that 
most of the normal fibre sodium is localized in a region freely permeable to 
Na* as well as K* and is not equally distributed throughout the fibres. 
Approximate calculations of the distribution of the total muscle Na* may be 
made as follows: the normal total has an average value of 24 m.equiv/kg. 
The interspace Na may be calculated as 0-13 x 104 where 0-13 is the inter- 
space volume expressed as a ratio of the whole muscles (Boyle & Conway, 
1941; Desmedt, 1953) and 104 the Na content of the internal medium. This 
would leave 10-5 m.equiv/l. as ‘fibre’ sodium, From equation (1) in text, when 
the external K concentration is 2-5 m.equiv/l. (average plasma level) then the 
count ratio of the fibre phase is 0-70 and the K in the region is thus 1-75 m.equiv. 
From the results with glucose as the external fluid containing 10 m.equiv 
K,S0, the ‘K’ then present in the region (all the Na having exchanged with 
labelled K) is 9-9 m.equiv. Thus 9-9—1-7 or 8-2 m.equiv appear to be present 
as Na ions. The approximate average Na distributed in normal muscle may 
therefore be considered to be: 

m.equiv/kg 
Total Na 
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It would appear from this that measurements of Na fluxes from the muscle 
fibres are almost altogether related to the flux from the special Na region, and 
that comparative rates of Na and of K from muscle as a whole can be very 

Ionic permeability of the isolated sartorius and the 
nature of the immersion medium 

From the results described here it will appear that the medium that pre- 
serves best the natural permeability of the isolated muscle is frog plasma 
(heparinized in these experiments and suitably treated with a gaseous mixture), 
and that for the best conditions the muscles should not be surface dried. There 
is then little or no ‘Cl’ increase up to about 1 hr immersion at room tempera- 
ture and also very little net increase of Na. The next best medium would 
appear to be that which has the same average inorganic composition as frog 
_ blood plasma (Boyle & Conway, 1941). Recently, Desmedt (1953) has shown 
that such a medium is far better for demonstrating Na extrusion from muscles 
with high Na content (the result of many hours immersion in Ringer with very 
low K concentration). At 2~3° C, however, the changes in permeability of 
the fibres is much less marked, and but little increased height could be 
expected with plasma (as may be judged from the experiments of Boyle & 
Conway, 1941). 

From the beneficial results obtained by the Ringer-Barkan fluid compared 
with the customary Ringer fluid (and differing essentially therefrom in con- 
taining 11-9 m.equiv/l. of bicarbonate saturated with 3%, CO,) it would seem 
that the bicarbonate CO, system is significant for preserving normal per- 
meability. The cause of additional beneficial results obtained by the Ringer- 
Conway fluid and finally with blood plasma itself (with suitable gas mixture) 
is at present obscure. 


SUMMARY 

1. The Na and Cl contents of isolated frog sartorius muscles kept in 

ordinary Ringer’s solution increase with time. This rise is greatly reduced if 
the muscle is kept in blood or plasma or in a solution similar to the inorganic 
constituents of plasma. 

2. The uptake of “*K by frog muscle has an initial rapid component with 
a half-time of about 8 min at room temperature. 

3. The amount and time course of this component indicate that it repre- 
sents entry of “K into a region which is neither the extracellular space, nor 
the superficial muscle fibres, nor the muscle fibres of small diameter. 

4. The amount of K involved in this component increases nearly in pro- 
portion to the external K concentration. 

5. Most of the Na of frog muscle is lost rapidly to a glucose solution 
containing KCl in concentrations from 5 to 100 mm. 
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6. These results suggest that most of the Na of muscle is in a region with 
a high permeability to both Na and K, and with concentrations of Na higher, 
and of K lower, than in the majority of the muscle fibres. 


We are indebted to the Medical Research Council of Ireland; also to the Rockefeller Founda- 
tion for grants towards the expenses of this work. 
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GLUTAMIC DEHYDROGENASE AND GLUTAMIC-ASPARTIC 
TRANSAMINASE IN REGENERATING LIVER OF THE RAT 


By A. L. GREENBAUM, F. C. GREENWOOD anp 
R. D. HARKNESS 


_ From the Departments of Biochemistry and of Physiology, 
University College, London 


(Recewed 27 November 1953) 


Regenerating liver is a convenient source of rapidly growing normal tissue 
and several enzymes in it have been studied. Although formation of new 
protein is a conspicuous feature in liver regeneration, the enzymes which are 
likely to be concerned in this have received little attention. Among the more 
important of these are glutamic dehydrogenase and glutamic-aspartic 
transaminase. 

Since the original discovery of the transaminase reaction by Braunstein & 
Kritzman (1937) several groups of workers have attempted to correlate the 
level of transaminase activity with protein synthesis, in which its exact role 
has yet to be elucidated. While there is evidence that rapid growth in foetal 
and malignant tissue is associated with a reduced transaminase activity 
(Cohen & Heckhuis, 1941; see also Greenstein & Meister, 1952) the contrary 
is the case in plants where an increase in transamination has been found in 
germinating seeds (Albaum & Cohen, 1943; Smith & Williams, 1951). The 
activity of transaminase in homogenates of the livers of rats recovering from 
partial hepatectomy has been studied by Cohen & Heckhuis (1941), who found 
a small reduction 9 days after the operation; the significance of this finding is, 
however, questionable owing to the small number of animals used. 

The coupling of transaminating systems with glutamic acid dehydrogenase 
has been reported by Braunstein & Asarkh (1945), and on the basis of the 
reversibility of the transaminase reaction a mechanism for the synthesis of 
amino-acids from the corresponding keto acids has been suggested (Cammarata 
& Cohen, 1950). The importance of aspartic-glutamic transaminase and glutamic 
dehydrogenase in linking the tricarboxylic acid and ornithine cycles with 
amino group metabolism has been emphasized by Ratner (1949); one might 
therefore expect an interrelationship between these two enzymes and the 
level of protein synthesis. Glutamic dehydrogenase is also of interest because it 
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appears to be confined almost entirely to the mitochondrial elements of the 
cell (Christie & Judah, 1953), and changes in its activity might therefore reflect 
to some degree the growth of these elements. The activity of glutamic-aspartic 
transaminase and glutamic dehydrogenase in regenerating rat liver has been 
measured at intervals up to 7 days after operation. Transaminase was found 
to regenerate rather faster than the fresh weight of the liver, in contrast to 
glutamic dehydrogenase which showed a time lag. The behaviour of glutamic 
dehydrogenase corresponds to that of other mitochondrial enzymes which 
have been investigated in regenerating liver. 


METHODS 


The rats used were male albinos of an inbred strain weighing between 130 and 180 g. They were 
partially hepatectomized under ether anaesthesia by the method of Higgins & Anderson (1931). 
They were kept in individual cages in a thermostatically controlled room at 26° C for 9 days before 
the operation, and afterwards until death. Control laparotomized animals were pair-fed with the 
partially hepatectomized animals on the diet described by Greenbaum (1953). 

Enzyme determinations 

(i) Tissue preparation. The rate were killed by dislocation of the neck, and a portion of the 
anterior right lobe of the liver (0-4—0-5 g) was rapidly removed, weighed on a torsion balance and 
homogenized in an ice-cold Potter & Elvehjem homogenizer (1936) containing 0-5 ml. 0-001 m- 
phosphate buffer pH 7-4. The homogenate was then diluted by the addition of further buffer to 
give a tissue concentration of 1:10. This homogenate was then used directly for the aspartic- 

For the glutamic dehydrogenase assay a portion of the homogenate was diluted with an equal 
volume of buffer to give a tissue concentration of 1:20 before use. 

(ii) Glutamic dehydrogenase determination. The glutamic dehydrogenase activity of whole 
homogenates was determined by the method of Copenhaver, McShan & Meyer (1950). Coenzyme I 
was prepared from yeast by a procedure based on the method of Neilands & Akeson (1950) and 
was shown to be 55% pure both by spectrophotometric and malic-dehydrogenase assay. Cyto- 
chrome c was prepared by the method of Keilin & Hartree (1945). 

(iti) Transaminase determination. Transaminase activity was measured in whole homogenates 
by the spectrophotometric estimation, at 280my, of the oxaloacetic acid produced as a result of 
the transfer of the amino group from aspartic acid to a-ketoglutaric acid. The components and 
reaction time of Cammarata & Cohen (1950) were used, but a new method for the estimation of 
oxaloacetic acid, depending on the stability and strong absorption of an oxaloacetic-borate 
complex in alkaline solution, was developed (Greenwood & Greenbaum, 1953). «-Ketoglutaric 
acid was prepared by the method of O’Kane (1949) and was estimated to be 96-1% pure by 
carbonyl group determination. 


RESULTS 
Effect of dvet and environmental conditions on enzyme activity 
The desirability of keeping partially hepatectomized animals under constant 
environmental conditions has been previously emphasized (Harkness, 19522). 
Since such a regime might affect the concentration and activity of the liver 
enzymes, a preliminary study of the changes in glutamic dehydrogenase and 
transaminase was made at intervals of 1, 2, 5, 7, 9 and 16 days after the rats 
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had been put into the constant temperature room. Throughout the period no 
significant variations in the concentration of the two enzymes was detected; 
the maximum variation from the mean values was only 6%, for transaminase 
and 5% for glutamic dehydrogenase. 

The effect of the change of diet from the stock mixture, M.R.C. diet no. 41 
(Parkes, 1946), to the special pair-feeding diet was also studied in order to find 
when the rats had fully adapted themselves. No changes in the activity of the 
enzymes could be detected over a period of 0-16 days on the new diet. These 
results, for transaminase, accord with those obtained by Awapara (1953). 


Effect of partial hepatectomy on enzymic activity in the liver 

Measurements of body weights and liver weights of the animals are given 
in Table 1. The change in weight of the liver after partial hepatectomy has 
been expressed in two ways, first in terms of the weight of the whole liver at 
the time of operation; this can be estimated from the weight of the removed 
lobes by multiplying by the appropriate ratio, obtained from the control 
animals, i.e. weight of removed lobes x 1-51 (+0-02). The results though in 
general similar (Table 1, bottom line) are rather higher than those recorded 


TasBie 1. Changes in body weight and liver weight 


Time after operation 
24 hr 48 hr 72 br 7 days 
Laparotomized rats 
No. of rats 5 5 6 5 
Body wt. at death (g) 14849 148+8 165+4 180+8 
Percentage change in body wt. -5-5+1-4 +0-243-2 ~1842-3 +10-8+42-3 
to 
We. of whole liver (g) 7:16+0-63 6-52 +0-24 6-59 + 0-29 8-20 + 0-64 


yan of whole liver per 100g 4-85+0-27 4-45+0-19 3-99 +0-10 4-58+0-24 
y wt. 


Partially hepatectomized rats 
No. of rats 7 5 7 10 
Body wt, at death (g) 150+5 144+ 10 14145 170+6 
—76+0°8 -36+41-1 -3-7+1:3 +60+1-46 
toperativ 
+. of liver at death ( ) 3-89+0-13 4-46 + 0-32 5-24+0-19 6-95+40-31 
culated wt. of aver 7-43 40-35 7-26+0-24 6-86 + 0-30 7:-48+40-39 


at operation* (g) 
Wt. of whole Neer at 4-78+0-20  #46940-19 4-82 +0-05 


tion* 100 g bod 

Wes of liver death (a) (g) per 2-68+40-04 3-1140-09 3874020 4074011 

g body wt. 

We, of liver at death (g) per 53-540-9 69-9 + 2-2 96-7 +5°1 88-7 + 2-6 
100 g body wt. as siaeathe 
of control value at same time 

Wt. of liver at death as per- 52-842°5 61-24+3-0 773443 91-:94+3-4 
centage of calculated value at 
operation 


weight of the whole liver was cal y multiplying weight o remo 

ny ees te ratio obtained from the control animals, i.e. 1-51, which corresponds to a 
chet of of the whole liver. 
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first by Higgins & Anderson (1931) and subsequently by others. Liver weight 
increased rapidly in the first 3 days, but subsequently changed less and had 
reached about 90 %, of the original by 7 days. The second method of expressing 
change in liver weight is in comparison with laparotomized control animals at the 
same time after operation. When the figures are expressed in this way (Table 1, 
line one from bottom) regeneration is made to appear to@™@ceed more rapidly 
because the liver weight falls in the control animals. The weight in the partially 
hepatectomized animals closely approaches that in the controls in 72 hr. One 
can regard the fall in liver weight in the controls as corresponding to a change 
in the equilibrium position to which the regenerating liver is tending. It 
appears that this equilibrium position, judged by weight, is almost reached by 
3 days, and that the subsequent growth of the liver reflects a return of the 
equilibrium position to normal. A change of this sort in the equilibrium 
position emphasizes the fact that the recovery from partial hepatectomy must 
involve adaptive change not only in the liver but also in the rest of the body. 
It is of interest that Higgins & Anderson (1931), in their original observations, 
drew attention to an apparent slowing down of liver regeneration between the 
3rd and 7th day and a subsequent acceleration which they attributed to an 
increase in appetite. 

Measurements of enzymic activity in the liver are given in Table 2. In our 
first experiments the partially hepatectomized animals were compared with 


TaBLeE 2, Glutamic acid dehydrogenase and glutamic-aspartic transaminase 


in liver after partial hepatectomy 
Partially hepatectomized animals at different 
times after operation 
Glutamic dehydrogenase Control 
| animals 24 br 48 hr 72 hr 7 days 
No. of rate 15 6 5 5 5 
Activity (pl.O,x10-*/hr/g 8904038 6-9340-35 6324022 7-6810-60 9-1010-26 
fresh wt. of liver) 
Total tives 39-8413 181410 196407 291436 37-141-7 
(pl. O, x 
Total iwer/100. 100 454426 492417 72-9492 93-0443 
body wt. as ecendein of con- 
trol value 
Glutamic-aspartic transaminase 
No. of rats 14 4 5 5 7 
Activit pM fiver): 10-*/hr/ 8434018 8-5140-44 10-3941-96 10-44+0-81 
g of liver 
Total activity in liver 220109 266421 376481 440+40-37 


x 10-*OAA)/100g body wt. 
otal activity in liver/100 g 100 576423 69-7455  98-5421-1 115-2484 
body wt. as percentage “ con- ' 
trol value 
Transaminase/glutamic 


Ratio of activities/100g body wt. 1-0 1-27 1-42 1-35 1-24 
over ratio for control animals 


The estimate of variation is the standard error of the mean. 
* OAA =oxaloacetic acid. 
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pair-fed laparotomized animals. It became apparent, however, that laparotomy 
had no significant effect on the total enzyme content of the liver. We have 
therefore combined the enzyme estimations from all the laparotomized animals. 
The chief point of interest was the change in total quantity of enzyme in the 
liver after partial hepatectomy. As this quantity bore an approximately linear 
relation to body weight in control animals, for the purpose of comparing 
different groups we have expressed our results as units of enzymic activity 
per 100 g of body weight. These results are given in Table 2 and Fig. 1. It is 
apparent that transaminase increases rather faster and glutamic dehydro- 
genase more slowly than liver weight after partial hepatectomy. 


100 }- 


0 1 2 3 7 
Days after operation 


Fig. 1. Weight and enzyme content of the liver as a percentage of the total at the time of operation. 
@, transaminase; @, glutamic dehydrogenase; O, liver weight. 


DISCUSSION 
Our results indicate that transaminase regenerates relatively rapidly and 
glutamic dehydrogenase relatively slowly after partial hepatectomy. It is of 
interest to compare the changes in these enzymes with what is known about 
changes in ureogenesis and protein synthesis in regenerating liver. It appears 
from the results of Rosenthal, Rogers, Vars & Ferguson (1951) that the total 
urinary nitrogen output is actually greater than normal in the first day after 
partial hepatectomy, though it falls subsequently to some extent. We have, 
ourselves, obtained evidence that even in the first 6 hr after the operation urea 
production is little diminished below the preoperative level. It would appear, 
therefore, that the two enzymes are not the rate-limiting steps in ureogenesis, 
since a reduction to one-third in the total enzyme concentration after partial 
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hepatectomy does not influence the rate of urea formation. It is rather 
surprising that urea formation proceeds uninterrupted even though three of 
the key enzymes involved, glutamic dehydrogenase, glutamic-aspartic trans- 
aminase and, according to Rosenthal et al. (1951), arginase, are all drastically 
reduced by the operation and increase again relatively slowly. Ratner (1949) 
has emphasized that glutamic dehydrogenase and glutamic-aspartic trans- 
aminase are exceedingly active enzymes and are probably not rate-limiting. 
Gornall & Hunter (1943) have proposed that the slowest step in the urea cycle 
is the synthesis of citrulline, a step located in the mitochondria (Grisolia & 
Cohen, 1951); but even here partial hepatectomy removes two-thirds of the 
total mitochondria, and evidence now presented suggests that the mito- 
chondria regenerate far too slowly to account for the high rate of urea pro- 
duction in the first 24 hr after the operation. 

In considering the relation of our results to changes in protein synthesis in 
regenerating liver it is necessary to distinguish two processes: first, a net 
increase in the total quantity of protein in the liver associated with the growth 
of that organ; and secondly, synthesis of plasma protein which finds its way 
into the blood. If we assume that normally the destruction of plasma protein 
proceeds at the same rate as production and is unaffected by partial hepatec- 
tomy, and that production is reduced temporarily in proportion to liver weight 
by partial hepatectomy, then a deficit of plasma protein will arise after partial 
hepatectomy which must be made good at some later stage by increased 
production. It appears that these two processes, the increase in liver protein 
and the increase in plasma protein production, behave as separate systems and 
follow different time courses. Figures of total liver protein, total N and fat- 
free-glycogen-free solid of liver (Gurd, Vars & Ravdin, 1948; Szego & Roberts, 
1949; Roberts, 1953; Brues, Drury & Brues, 1936; Harkness, 1952a) indicate 
that the maximum rate of increase in liver protein per unit present occurs in 
the second half of the first postoperative day (12-24 hr) with a subsequent 
decline. Changes in plasma protein production may be assessed from change in 
the plasma protein concentration after partial hepatectomy (Chanutin, 
Hortenstine, Cole & Ludewig, 1938), if certain assumptions are made. We may 
take the normal half-life of rat plasma protein as 3-4 days (see Tarver, 1951). 
If it is assumed that there is no change in the rate of destruction of plasma 
protein after partial hepatectomy, and that its distribution volume is pro- 
portional to the change in plasma volume found by Lowrance & Chanutin 
(1942), it appears that plasma protein production per unit of liver protein is 
maximal between 48 and 72 hr after partial hepatectomy; that is, rather later 
than the maximum rate of increase of liver protein. In this connexion it is of 
interest to note the results of Eliasson, Hammarsten, Reichard, Aqvist, 
Thorell & Ehrensvird (1951) who found that the rate of incorporation of 
isotopically labelled glycine into liver protein was maximal at about 60 hr after 
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partial hepatectomy. This does not fit with the data on rate of increase of liver 
protein, but agrees tolerably well with the course of plasma protein synthesis 
as deduced above. Thus it appears that there is an early maximum (Ist day) 
in liver protem synthesis and a later one (2—4 days) in plasma protein synthesis. 
No obvious relation between these changes and our findings is apparent. 
Transaminase appears to be an enzyme primarily concerned in the shuffling 
about of amino groups, and an increase in this enzyme should reflect an in- 

creased mobility of amino groups. Such an increase could either denote an 
increase in urea formation or an increase in the formation of new amino-acids. 

Glutamic dehydrogenase, on the other hand, appears to be primarily degrada- 

tive, either by supplying ammonia to carbamyl glutamate to be used in 

citrulline synthesis, or, according to the Ratner scheme (1949), by acting in 

reverse to maintain the functional concentration of glutamate. Thus an in- 

crease in transaminase and a lowered, or even unchanged, glutamic dehydro- 

genase activity might be expected to be associated with an increased formation 

of new amino-acids. It might be expected, therefore, that in conditions of 

increased protein synthesis the ratio between transaminase and glutamic 

dehydrogenase would be increased. This ratio is highest on the second day 

and only a little lower on the third (Table 2) which suggests a relation to. 
plasma protein synthesis rather than liver protein synthesis. Nothing is known 

of changes in these enzymes under other circumstances in which plasma protein 

synthesis is increased, e.g. after plasmaphoresis. 

One other aspect of our results needs discussion. Glutamic dehydrogenase is 
an enzyme which is almost exclusively confined to the mitochondria, and it is 
of interest to compare our findings on the rate of its regeneration with data on 
other mitochondrial enzymes. Of the enzymes investigated in regenerating 
liver the following appear to be localized mainly in the mitochondria: succin- 
oxidase (Hogeboom, Claude & Hotchkiss, 1946; Hogeboom, Schneider & 
Pallade, 1948; Schneider, 19464, 6; Schneider, Claude & Hogeboom, 1948); 
diphosphopyridine nucleotide (DPN)-cytochrome reductase (Hogeboom, 
1949); rhodanase (Sorbo, 1951); adenosine triphosphatase (ATP-ase) (Novikoff, 
Podber & Ryan, 1950; Schneider 1946a); amine oxidase (Cotzias & Dole, 
1951; Hawkins, 1952); oxaloacetic oxidase (Schneider & Potter, 1949); 
glutamic dehydrogenase (Christie & Judah, 1953). The changes of these 
enzymes in regenerating liver have been investigated: succinoxidase, oxalo- 
acetic oxidase and DPN-cytochrome reductase by Novikoff & Potter (1948); 
thodanase and ATP-ase by Rosenthal e¢ al. (1951); amine oxidase by Hawkins 
& Walker (1952). The course of regeneration of these enzymes up to the fourth 
postoperative day is plotted in Fig. 2. The further course has been omitted 
when the composition of the liver begins to come near to normal. The figure 
chosen for the comparison is the percentage regeneration, that is the increase 
in the total quantity present above the amount left at operation, expressed as 
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a percentage of the amount removed. As the information was not available 
in all cases for comparison of the increase in the total quantities of these 
enzymes with the increase in liver weight in the same rats, a composite curve 
for the increase in liver weight has been derived from the results of the 
following authors: Higgins & Anderson (1931); Brues et al. (1936); Gurd et al. 
(1948); Bucher & Glinos (1950); Abercrombie & Harkness (1951); Hawkins & 
Walker (1952); Harkness (19526). In all cases approximately two-thirds of the 


50 - 


0 1 2 3 

Days after operation __ 
Fig. 2. Growth of mitochondrial enzymes in regenerating liver. @, succinoxidase ; ©, oxaloacetic 
oxidase; [), ATP-ase; A, DPN-cytochrome reductase; x, rhodanese; J, amine oxidase; 
e, weight. 
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liver was removed at operation. Where only concentrations were given by the 
authors the total quantities have been calculated from these and the combined 
data for liver weight. The increase of all these enzymes lags behind that of liver 
weight as does the increase of glutamic dehydrogenase. Though the amount of 
lag varies from enzyme to enzyme it must be borne in mind that the results were 
obtained by different workers under a variety of conditions. Our own results 
on glutamic dehydrogenase show a more rapid increase than is recorded for 
the other mitochondrial enzymes. The rate of increase of liver weight was how- 
ever also considerably greater. The difference may be due to the fact that our 
rats were relatively young and increasing rapidly in weight. The general 
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picture suggests that in the early stages of liver regeneration the mitochondria 
may grow as entities with their full complement of enzymes. The course of 
mitochondrial growth in its early stages suggested by the enzyme figures is 
borne out to some extent by the data of Price & Laird (1950) who separated 
regenerating liver into nuclear, mitochondrial, small granular and supernatant 
fractions by differential centrifugation and estimated the total pentose nucleic 
acid (PNA) and protein nitrogen in each of these fractions. Unfortunately 
their results are all expressed relatively to numbers of nuclei isolated from 
homogenates, and it is only possible to obtain an estimate of the absolute 
changes by applying them to data in the literature on increase in liver weight. 
If this is done in the early stages of regeneration a picture similar to that given 
by the enzymes appears, though the PNA in the mitochondria appears to 
increase more rapidly than protein nitrogen. However, Price & Laird’s results 
for later times appear to agree poorly with any of the enzyme results since 
calculation from them shows a relatively small increase in mitochondrial 
protein even at 6 or 8 days. 

The similarity between the behaviour of the different constituents of mito- 
chondria in regenerating liver probably does not represent a general rule. There 
is evidence that succinoxidase activity can change without any parallel change 
in the number of mitochondria (Williams-Ashman & Judah, 1952), and that 
changes in different mitochondrial enzymes may follow quite different courses 
in the growth of the mammary gland (glutamic dehydrogenase, cathepsin and 
B-glucuronidase, Greenbaum & Greenwood, 1954). 

The slow changes in mitochondria contrast with more rapid changes in 
other constituents of the cell. Probably the most rapid changes are in the 
nuclei of the cells of the liver; these take place much faster than the change in 
the liver weight in the early stages of regeneration (nuclear volume, Ferreira, 
1940; Stowell, 1948; Bucher & Glinos, 1950; Harkness, 19524: nuclear PNA 
and protein nitrogen, Price & Laird, 1950). That changes in the small granular 
fraction are relatively more rapid in the early stages of regeneration than in the 
mitochondria is suggested by the results of Price & Laird (1950). Further 
evidence that the microsomes regenerate rapidly can be adduced from the rapid 
rate of phospholipin regeneration (Ludewig, Minor & Hortenstine, 1939; 
Rosenthal et al. 1951). The bulk of the phospholipin of the cell is found in the | 
mitochondria and microsomes (see Claude, 1946; Price, Miller & Miller, 1948). 
In view of the suggested slow regeneration of the mitochondria it appears likely 
that the increase in phospholipin is to be accounted for by an increase of the 
microsomes. It appears from the results of Price & Laird (1950) that the 
supernatant fraction regenerates as a whole at a rate intermediate between 
that of the small granules and mitochondria. 

Nakada & Weinhouse (1950) have shown that the distribution of glutamic- 


aspartic transaminase is such that about 75% is found in the supernatant 
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fraction and some 25% in the mitochondria. It follows, then, that the rate 
of regeneration of glutamic-aspartic transaminase would bear no simple 
relationship to any one particular cellular fraction. 


SUMMARY 

1. The activities of glutamic-aspartic transaminase and glutamic dehydro- 
genase have been investigated in regenerating rat liver 1, 2, 3 and 7 days after 
partial hepatectomy. 

2. Glutamic-aspartic transaminase increased rather more rapidly than liver 
weight, glutamic dehydrogenase more slowly. 

3. The lag in the increase in glutamic dehydrogenase confirms results in the 
literature on changes in other mitochondrial enzymes in regenerating rat 
liver, and supports the view that the mitochondria react more slowly than 
the other parts of the cell to partial hepatectomy. 


We should like to record our thanks to Miss 8. M. Fitch for technical assistance, and to the 
Nuffield Foundation for a grant to R.D.H. and to the Royal Society for a grant to A.L.G. 
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CATION TRANSPORT IN CHICKEN ERYTHROCYTES 
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The mature human erythrocyte is non-nucleated and its consumption of 
oxygen is negligible. Hence, it is to be expected that in such a cell transfer of 
cations against gradients of concentration or potential (cation transport) will 
be energized by anaerobic reactions, and it has in fact been shown that these 
movements are based on glycolysis, being inhibited by fluoride (Harris, 1941; 
Maizels, 1951) and unaffected by cyanide, carbon monoxide, azide, malonate 
and 2:4-dinitrophenol in amounts which are known to inhibit respiration 
(Maizels, 1951). Like human cells, the mature erythrocytes of the chicken and 
tortoise are specialized for oxygen carriage, but they differ from the former 
in their possession of a nucleus and in their greater respiratory activity. It 
follows that in nucleated erythrocytes cation transport might be energized 
either by glycolysis or by respiration or by both activities: the present com- 
munication is concerned with these various possibilities. 

In principle, the method used involves a preliminary period of several days 
during which the blood is stored at 4° C. This reduces metabolism to a minimum 
and causes cations to move with the concentration gradients so that cell 
sodium rises and potassium falls. At the end of cold-storage glucose, lactate, 
metabolic poisons or other appropriate substances are added to the blood 
which is then incubated: if at this stage cations move against their respective 
gradients, active transport is judged to have occurred. 


METHODS 
A sample of heparinized blood was centrifuged at 2000 g for 30 min in graduated tubes of 6 mm 
bore; this ‘original sample’ was analysed for Na, K and water content and also used as a standard 
of reference for volume changes in the cells of the treated blood samples (Maizels, 1943). 100 ml. 
residual blood was then mixed with 300 ml. NaCl solution (0-155™) and 10 ml. trisodium citrate 
(2-5 g/100 ml.) and stored for 6 days at 4° C, chloramphenicol (10 yg/ml.) being added to check 
bacterial growth. After cold-storage, 10-20 ml. Na,HPO,.2H,O (0-1m), 15-30 ml. KCl (0-15m) 
and sometimes 1-5 ml. glucose solution (28m) were added and the pH adjusted electrometrically 


* In receipt of a grant for technical assistance from the Nuffield Foundation. 
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to about 7-5 with NaOH. Part of this suspension was then centrifuged and kept for analysis, 
while the rest was divided between a number of bottles, to all except one of which suitable test 
reagents were added (metabolic poisons, etc.). The samples were next incubated for several hours 
at 20-25° C and then centrifuged, analyses being carried out on a fivefold dilution of the packed 
cells by methods described elsewhere (Maizels, 1943; Harris & Maizels, 1952). Certain modifica- 
tions were required, however, for chicken cells haemolysed in water give a ropy unworkable jelly 
and so cell dilutions were made with sucrose solution (2 g/100 ml.) brought to pH 7-2 with a trace 
of LiOH solution. Estimation of K in ashed cells was unsatisfactory, for at 500° C a small loss of 
K occurs and so both Na and K were estimated on a trichloroacetic acid filtrate neutralized with 
excess of solid Ca(OH),: this served to neutralize the acid and to precipitate the phosphates which 
in chicken erythrocytes are sufficiently high to interfere with the estimation of Na by zinc urany| 
acetate. In a number of experiments Na and K were also estimated using a flame photometer 
with an internal lithium standard. Agreement was good in the case of Na and often but not always 
good in the case of K. Hence, the chemical method of King, Haslewood, Delory & Beall (1942) 
was preferred for estimating K, because duplicates usually agreed within + 1 m.equiv/l. cells and 
because it gave greater consistency in total base concentration of batches of cells suspended in 
large volumes of saline media of known total base concentrations. 

It has been shown (Harris & Maizels, 1952) that the pH of undiluted haemolysed human ery- 
throcytes and of a haemolysate diluted 5 times are similar and probably not far removed from the 
pH of the intact cell. It is probable that the effect of dilution on the pH of the heavily buffered 
haemolysates will also be small, but chicken cell haemolysates contain nuclei or nuclear fragments 
and the relation which their pH bears to that of the intact cytoplasm is uncertain, though it is 
probably sufficiently consistent to be used as a means of controlling pH. 

The concentration of Na and K in cells is obtained from the estimated cell contents and the 
water content; the latter is calculated from the known water content of fresh cells and from the 
observed changes in cell volume, themselves due to movements of water (Harris & Maizels, 1952). 
It wil be noted that neither the estimated content nor the concentration of a base in the cells 
necessarily indicates absolute changes within the cell due to movements of the base across the cell 
membrane, because alterations in the tonicity or pH of the suspending medium cause immediate 
changes in cell volume and cation content and concentration without any cation crossing the cell 
membrane at all; on the other hand, there may be large movements of cation in and out of cells 
which, if accompanied by appropriate shifts of cell water, might leave the observed cell cation 
content unchanged and give the impression that neither transport nor passive diffusion had oc- 
curred. Hence, in order to show whether cation has moved in or out of the cell, cation contents 
set out in the tables have been corrected for volume changes by reference to the original cell volume. 
An example may make this clear: suppose that cells as a result of cold-storage have swollen by 5% 
so that the volume correction, V, is 1-05 and that the Na content is 40 m.equiv/l. and that two 
similar samples incubated under different conditions attain the following respective values: 
V 1-3, Na 35 and V 0-85 and Na 45: the corrected contents are 42 m.equiv before incubation and 
45 and 36 m.equiv respectively after incubation. In the first incubated sample the uncorrected Na 
content has fallen, but Na has actually entered the cell; in the second, Na appears to have risen 
but after correction for volume it is seen that Na has moved out of the cell. Further details of all 
the methods already mentioned are given elsewhere (Maizels, 1949; Harris & Maizels, 1952)- 
Lactate was estimated by the method of Hullin & Noble (1953). 


RESULTS 


Dimensions and properties of untreated erythrocytes 
The figures set out in Table 1 are not described as normal, since in the case of 
the chickens information is lacking about the duration of transport from farm 
to slaughter house and also about salt and fluid intake during that interval: 
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as for the tortoises their selection was guided by economic rather than aes- 
thetic principles and some of the subjects were in pretty poor shape at the 
time of receipt, As the subjects were few in number and had been kept in 
conditions which could hardly be described as normal, the data submitted 
show mean values and the overall range, but not the standard deviation. 
The figures presented for cations in centrifuged chicken cells are subject to 
correction for intercellular plasma—corrections which are specially significant 
in the case of cell Na. Intercellular plasma estimated by the Evans blue dye 
method (Maizels, 1945) appears to lie between 3 and 4% and so the true 
values for cell Na are about 5 m.equiv/l. less than the gross values shown in 
the tables. However, the latter are strictly comparable and are valid for the 


purposes of the present paper. 


TaBLe 1, Some data for fresh untreated chicken and tortoise bloods 


Chicken Tortoise 

No. of No. of 

bloods Range bloods Range 
Hb, g/100 ml. blood 95  (8-6-10-2) 5 81  (7-5-8-8) 
Haematocrit il 31 (28-34) 6 28 (23-32) 
Hb, g/100 ml. cells 8 30-5 (26-34) 5 2 (28-33) 
R.B.C., millions/ou. mm blood 2-52 (2-3-2-65) 5 0-57 (0-52-0-64) 
Mean cell volume, y* 9 1233 (111-136) 5 490 (420-540) 
Water, g/100 ml. cells 8 69-5 (68-72) 5 669 67-70) 
Na, m.equiv/l, cells 15 12-6 (10-15) 5 (10-5—12-2) 
K, m.equiv/l. cells 14 (96—-112)* 5 108 (105-116) 
Na, m.equiv/l. 14 (144-167) 5 152 (145-158) 
K, m.equiv/lI. 14 53 (4-8-6-6) 5 4-5 (4-0-5-4) 


* Excluding one value of 84. 


Note. 100 cells were measured on a dried blood film from a single chicken; the figures with stan- 
dard deviation were—long diameter 10-24 1-8 p and short diameter 6-4 + 0°6 p. For a single 
tortoise the diameters were 18-0+ 1-7 and 9-4+ 1-1 yw. 


During cold-storage Na and K move with the concentration gradients 
and as the increase of cell Na exceeds decrease of K, total base increases 
slightly and the cells swell. These changes are qualitatively similar to those 
observed in the human cell, but are less evident. Thus during 7 days at 
4° C the erythrocytes of human blood unmixed with saline medium gained 
about 30 m.equiv/l. Na, while chicken cells gained only 10-15 m.equiv. Since 
transport of Na from the cell during incubation is best seen when the 
initial cell Na is high, it was found desirable to cold-store chicken blood with 
3 vol. of NaCl solution (0-155): under these conditions about 20-30 m.equiv 
Na were gained in a week. During subsequent incubation at 37° C chicken 
erythrocytes, like human cells, transport cations against the concentration 
gradients, loss of Na exceeding gain of K. Because of this and possibly through 
loss of non-penetrating cell anion, such as occurs from dephosphorylation of 
phosphoric esters, total cell base is absolutely decreased and slight shrinkage 
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occurs. It should be noted that the figures recorded in the tables for cation in 
incubated cells, do not necessarily apply to suspensions at equilibrium: for 
though untreated cells may reach equilibrium in 4 hr, partially poisoned cells 
whose transport is decreased or abolished, will take very much longer. Hence, 
the data for cation distribution must not be regarded as an absolute measure 
of differences in transport, but rather as an indication of the kind of change 
effected by various agents. 

It will be shown later that transport in chicken erythrocytes is based mainly 
on respiration. One sample of chicken erythrocytes cold-stored for a week and 
then incubated at 37° C in Ringer solution at pH 7-4 used oxygen at the rate 
of 120 yl./ml. per hr, the addition of cyanide (5 mm) depressing respiration by 
80%. A second sample incubated in the NaCl-KCl-phosphate medium 
described above used 75 yl. in the first hour and 60 yl. during the second hour 
of incubation: if the substance oxidized were glucose, 0-4 mm should disappear 
from 1 1. cells in 1 hr; the observed loss, however, was 0:28 mm so that other 
substances besides glucose are being oxidized during respiration or else 
glucose metabolized is partly replaced from other stores of carbohydrate. In 
this system the addition of sodium cyanide (2-5 mm) depressed respiration by 
78% in the first hour and by 95% in the second hour. 

In eighteen experiments 1 |. chicken erythrocytes from stored blood 
(pH 7-2-7-4) liberated 0-46+0-19 mm lactic acid per hour when respiring 
and 1-62 +0-41 mm when respiration was poisoned. Under similar conditions 
incubated human cells liberated 3-1 + 0-75 mm lactic acid (fourteen observa- 
tions). Further discussion of the complex metabolism of the chicken erythro- 
cyte is outside the scope of the present paper and the preceding data merely 
serve as an indication of the amount of respiration and glycolysis occurring 
under experimental conditions. 


Metabolic poisons and cation transport in chicken erythrocytes 

If cation transport in these cells were based on respiration, the movements 
should be inhibited by agencies which prevent utilization of free oxygen. 
Inhibitors of glycolysis, on the other hand, should only interfere with transport 
when glucose is the source of energy, but not when lactate or pyruvate are 
available as substrates. These matters are considered below. 

Inhibitors of respiration (Table 2). Cyanide and dinitrophenol cause con- 
siderable inhibition of transport in high dilution; azide also inhibits, but in 
higher concentration, while malonate and fluoroacetate require a still higher 
concentration. In the human cell, dinitrophenol up to 0-25 mm and the other 
agents in a concentration of 10mm have little or no effect on transport 
(Maizels, 1951). The effect of oxygen lack was determined by storing blood in 
the cold for 6 days, evacuating air, replacing with nitrogen and returning to 
the cold-room overnight. Next day, the blood was incubated in the ordinary 
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way. Blood so treated showed active transport if oxygen were admitted at the 
beginning of incubation, but not otherwise. Admission of carbon monoxide 
leaves the inhibition of transport unaffected. The addition of any of these 
agents greatly increases the production of lactic acid by the cells. 

Lactate and cation transport (Table 3). To demonstrate the effects of lactate 
on cation transport, it is first necessary to remove the natural energizing 
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Taste 2. Effects of 


anc 


glucose 


(Unincubated) 
No addition 


henol 0-06 
Dinitrophenol 0-25 
Malonate 9 
Fluoroacetate 10 
Deoxygenated (unincubated) 
then reoxygenated 

xygenated ; not reoxygenated 

Deoxygenated ; 
(Unincubated) 


Deoxygenated; then reoxygenated 
Deoxygenated ; not reoxygenated 


kept at a O for days and then incubated at 37° 


(Initial external concentration of incubated owe K 10 and Na 150 m.equiv/l. water; 
mm) 
Erythrocytes 


in chicken erythrocytes 


7-30 


=S SSSRSESS SERSSSES SERSRBER 


6-99 


K 


71 


Na K Na cells 
57 81 78 
14 134 20 _ 
17 132 24 — 
50 87 70 -- 
54 83 74 — 
61 78 83 
65 76 88 — 
53 84 72 — 
51 95 68 — 
19 132 27 — 
24 124 34 — 
47 100 65 — 
57 85 77 — 
26 122 37 
36 110 50 —_ 
52 93 71 — 
36 lll 49 — 
19 138 28 — 
19 138 28 — 
23 131 32 — 
29 122 40 —_ 
38 1l4 57 0 
23 130 34 0-60 
39 108 57 1-81 
43 106 63 1-96 
41 108 58 1-62 
43 104 60 1-96 
39 110 57 1-53 
37 114 55 1-48 
37 99 51 — 
16 132 23 — 
38 95 56 -- 
41 96 60 
46 106 66 0 

21 143 31 0-45 
52 97 72 2-23 


a 
Contents Concentrations Lactic d 
m.equiv/lI. acid 
pH cells* cell water liberated : 
(m/l. cell suspension) 20°C 
(Unincubated) (659 
No addition 95 
Cyanide 02. 
. 63 
Cyanide 0-6 61 3 
Cyanide 2-5 57 
Cyanide 10 56 4 
Azide 2 62 | 
(Unincubated) 
No addition 91 
0-015 89 q 
Dinitrophenol 0-06 73 
Dinitrophenol 0-24 63 | 
Malonate 1-5 86 | 
Malonate 3 79 
Malonate 9 68 | 
94 § 
Fluoroacetate | 
Fluoroacetate 4 93 § 
Fluoroacetate 8 88 
(Unincubated) 76 | 
44 No addition 88 : 
44 Cyanide 0-6 15 
de 2-5 72 
4 76 
4 75 4 
44 75 
44 76 
71 
91 
64 
6-96 66 
7-47 74 
7-45 98 
| 


268 


Tas_x 3. Effects of glucose, lactate, fi 
erythrocytes 


“ec &o oe 


w 
“= SAR SO 


kept at 


were washed by 
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ing from plasma and storing at 4° C with 30 vol. of NaCl 


, fluoride, monoiodoacetate and glutamate 
4° C for 7 days and then incubated at 37° C 


on washed chicken 


25 vol. of glucose-free 


NaCl-KCl suspending medium, which contained initially K 10 and Na 150 m.equiv/l1.) 
_Exythrocytes 
Additions Contents Concentrations 
mm /1. cell m.equiv/l. m.equiv/l1. 
(note: cells partly pH cells* cell water 
depleted of Plasma at 
glucose by washing) added 20°C K Na K Na 
(Unincubated) 0 7-32 74 51 93 64 
No addition 0 7-30 80 43 106 57 
Glucose 9 0 7-35 93 27 124 36 
Lactate 20 0 7-33 G4 ra 129 34 
NaF 10 0 7-40 72 2 93 67 
NaF 10, gincose 9 0 7-34 76 47 100 62 
NaF 10, te 20 0. 7-36 88 31 120 42 
Glutamate 5, glucose 9 0 7-37 92 27 123 36 
(Unineubated) 0 7:36 85 40 112 53 
No addition 0 7-36 89 37 118 50 
Glucose 9 0 7:30 95 25 129 34 
Lactate 0 7-34 97 23 130 31 
NaF 3 0 7-34 88 39 112 50 
NaF 3, glucose 9 0 7-31 89 32 118 42 
NaF 3, te 30 0 7-31 96 24 125 31 
NaF 10 0 7-40 81 43 104 55 
NaF 10, glucose 9 0 7-35 81 42 104 54 
NaF 10, te 30 0 7-34 86 37 112 48 
(Unincubated) 0 7-40 66 51 95 73 
No addition 0 7-40 73 42 104 60 
Glucose 9 0 7-40 83 31 119 44 
Lactate 20 0 7-32 86 26 120 36 
NaF 10, glucose 9 0 7-37 72 44 102 62 
NaF 10, 20 0 7-36 83 31 119 44 
(Unincuhated) 0 7-37 78 37 106 50 
No addition 0 7-39 80 32 lll 44 
Glucose 10 0 7-42 87 20 128 29 
Lactate 10 0 7-40 92 15 136 22 
Lactate 20 0 740 | 93 16 136 23 
NaF 5, glucose 10 0 7-37 80 29 118 42 
NaF 10, glucose 10 0 7-28 75 36 104 50 
Glucose 10 + 7-48 98 14 140 20 
NaF 5, glucose 10 + 7-46 91 19 130 27 
NaF 10, glucose 10 + 7-44 86 24 124 35 
(Unincubated) 0 7-32 64 57 86 77 
No addition 0 7-31 72 46 100 64 
Glucose 9 0 7-31 85 28 120 40 
Lactate 30 0 7-29 87 26 122 37 
MIA 0-2 0 7-30 65 53 88 72 
MIA 0-2, glucose 9 0 7-31 65 54 88 73 
MIA 0-2, te 30 0 7-31 83 30 117 43 
MIA 0-8 0 7-29 64 57 86 77 
MIA 0-8, glucose 9 0 7-30 63 57 85 77 
MIA 0-8, te 30 0 7:24 78 34 110 48 


o 


Contents corrected for changes in volume by reference to the 
Methods). MIA =monoiodoacetate. 4 i and j incubated with undiluted 
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substrate, glucose. In human erythrocytes some of the glucose naturally 
present disappears during the preliminary cold-storage period and the rest 
during the early stages of incubation by diffusion into the added diluent and 
especially by glycolysis. In cells so treated, transport is abolished and cation 
movements are directed by simple physical laws (Maizels, 1951). But when 
chicken cells are treated in this way, transport continues: thus in one instance 
storage at 4° C caused cell Na to rise from 13 to 51 m.equiv/l. During the 
subsequent incubation Na fell to 21 m.equiv. when the system was fortified 
with extra glucose and to 25 m.equiv when no glucose at all was added. This 
may arise from the fact that the respiring chicken erythrocyte can derive more 
energy from a given amount of glucose than can the glycolysing non-nucleated 
human cell: moreover, avian erythrocytes contain much more phosphoric 
esters than mammalian cells (Rapoport & Guest, 1941) and it may be presumed 
that the reserves of energy are correspondingly great. Whatever the cause, the 
effects may be minimized by the partial removal of soluble substrates from the 
cells. This was accomplished as follows: supernatant plasma was removed 
from gently centrifuged fresh chicken blood and the cells stored at 4° C with- 
out the addition of glucose in 30 vol. of NaCl solution (0-16m). After a week the 
supernatant solution was removed and replaced by 25 vol. of the NaCl-KCl- 
phosphate solution (see Methods). In the present paper erythrocytes so 
treated are called ‘washed cells’: suspensions of these cells were incubated as 
such or with appropriate additions. Table 3 shows that even after such drastic 
treatment and in the absence of added glucose, some degree of cation transport 
persists (see records a and 6 of the various experiments) since cell Na, which 
may be expected to rise with the concentration gradient, actually falls 
slightly. It is clear, however, that the addition of either glucose or lactate to 
such a depleted system greatly increases the cation transport, and it may be 
concluded that lactate which is unable to energize transport in human erythro- 
cytes is able to accomplish this in chicken cells. Indeed, transport effected by 
lactate is always slightly greater than with glucose, not only when lactate 
added exceeds glucose (Table 3, Expts. 2 and 5), but when the amounts are 
roughly equal (Expts. 1, 3 and 4), and even when the weight of lactate added 
is only half that of glucose in a corresponding suspension (Expt. 4, a, ¢ and d). 

Fluoride and cation transport (Table 3). Since cation transport. in chicken 
erythrocytes depends especially on respiratory activities, fluoride should 
inhibit transport in the presence of glucose, but not when lactate is added, and 
this may be expected whether the cells be depleted of glucose or not. In fact, 
cells suspended in diluent from which plasma has not been excluded are much 
more resistant to the action of fluoride than are suspensions of washed cells. 
This is shown in Expt. 4 where cold-stored suspensions of washed chicken 
erythrocytes are incubated without and with the addition of plasma (Expt. 4, 
e,f,9;¢, t, 9). It may be noted that suspensions of chicken cells containing plasma 
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are also much more resistant to the action of fluoride than are the corresponding 
suspensions of human cells, for the former shows a decreased but still definite 
output of Na in the presence of 10 mm fluoride, while when dilutions of whole 
human blood are incubated with only 4 mm-NaF, manifest transport of cation 
may cease (Maizels, 1951). It is probable that plasma protects transport in 
chicken erythrocytes because under experimental conditions it contains even 
when relatively fresh an amount of lactate equivalent to about 1-9 mm/l. cells; 
an amount which increases to 2:4 mm after a week at 4° C (mean of seven 
observations): suspensions of cold-stored washed cells, on the other hand, 
contain the equivalent of only 0-4 mm lactate/l. cells (mean of thirteen 
observations). It follows that the high content of lactate in suspensions of 
unwashed cells affords a source of energy for cation transport which is in- 
dependent of glycolysis—a source which is slight in washed cell suspensions. 
Even washed cell suspensions, however, are fairly resistant to fluoride, for in 
the presence of 4 mm fluoride incubated human erythrocytes (unwashed) gain 
4 or 5 m.equiv Na and as much as 10 m.equiv Na when the fluoride content is 
10 mm; washed chicken cells, on the other hand, show practically no increase 
of Na in the presence of 10 mm-NaF, while with 5 mm-NaF some Na is still 
transported from the cells at 37° C (Table 3). It is possible that this resistance 
to fluoride poisoning may lie in the high magnesium content of chicken ery- 
throcytes, which in three cases amounted to 5:2, 5-4 and 4-9 mm/I. cells, or 
about twice as great as the value in human cells. 

Since the effects of fluoride on unwashed cells are slight unless a relatively 
high proportion of anion in the suspending medium is replaced by fluoride, it 
has been thought more satisfactory to examine the effects of fluoride on washed 
cells. If the suspensions of such cells contain no added glucose, manifest out- 
put of Na and uptake of K are virtually inhibited (Table 3, Expts. 1 and 2), 
but in the presence of added glucose a small amount of cation transport is 
observed. If, however, lactate is added to washed cells incubated with 
fluoride, cation transport is much increased (Table 3, Expts. 1-3). Neverthe- 
less, fluoride has some inhibitory action on the oxidation of lactate, for in 
Expt. 1 of Table 3, incubation with lactate causes cell Na to fall by 26 m.equiv 
in the absence of fluoride and by 20 m.equiv in its presence; the findings in 
Expts. 2 and 3 are similar. However, in spite of this partial inhibition, a con- 
siderable amount of cation transport can be energized by lactate even in the 
presence of fluoride. 

Monoiodoacetate (MIA) and cation transport (Tables 3 and 4). The findings 
here conform to those of the previous experiments: transport is inhibited, the 
effect being more apparent in washed cells, presumably because of their low 
content of natural lactate. Even this, however, may suffice to energize a small 
amount of transport, for when incubated with 0-2 mm MIA chicken erythro- 
cytes show a decrease of 2 or 3 m.equiv Na (Table 3), while human cells even 


7 
> 
a 


CATION TRANSPORT IN CHICKEN ERYTHROCYTES 271 


when unwashed show a passive increase of about 10 m.equiv (Maizels, 1951). 
Lactate, but not glucose, energizes transport in the presence of MIA, but the 
transport is not as great as in the absence of MIA: presumably, the latter has 
some inhibitory action of the respiratory cycle. 

Glutamate and cation transport. Terner, Eggleston & Krebs (1950) have 
shown that glutamate is essential to cation transport in the brain and retina 
of certain mammalia. The natural glutamate of these tissues is considerable— 
about 6 mm/kg tissue: in the chicken, glutamate in the erythrocytes of three 
bloods kept 7 days at 4° C and then incubated for 4 hr, was estimated by paper 
chromatography (Fowden, 1951) and found to be only 0-8, 0-3 and 0-3 m/l. 
respectively; yet such erythrocytes transported cation very freely on incuba- 
tion, half the total Na output and K uptake occurring in the first hour. Addi- 
tion of glutamate to a level of 10 mm/l. cell suspension had no effect on the 
amount of transport, possibly because little or no glutamate entered the cells; 
for when allowance was made for glutamate in the intercellular fluid, the 
glutamate of cells suspended for 4 hr at 37° C in a medium containing 10 mm 
glutamate, was only 0-4 m/l. cells in one experiment and 0-6 mm/I. in a second. 


TaBLE 4, Effects of temperature, calcium and various respiratory poisons on cation transport 
in tortoise erythrocytes kept at 4° C for 7 days and then incubated 


(Initial external concentrations of incubated systems, K 10 and Na 160 m.equiv/I., glucose 11 mm) 


Erythrocytes 
Concen- 
Contents trations 
Incubation m.equiv/] 
Additions pH » cell water 
Temp. Time cell at aemo- ————“ 

Expt. (° (hr) suspension wc. Fv lysis Na K Na 
la 0 (Unincubated) 690 106 0 102 18 136 25 
b 23 No 6-78 103 0 104 16 142 22 
c 23 863 5 6-76 101 0 106 ll 150 15 
2 6-65 112 0 94 30 115 37 
‘ 23 3 NaN 2, CaCl, 5 6-66 103 0 18 134 25 
f 37 3 No addition 6-67 178 Marked 53 176 36 120 
37 3 5 6-72 100 0 105 1] 151 16 
i 37 3 5 6-69 180 Marked 53 182 35 122 
2a 0 (Unincubated) 6-94 lil 0 88 42 108 52 
..% No addition 7-06 108 0 90 37 116 47 
c 23 Dinitrophenol 2-5 6-82 116 0 79 56 92 65 
q@ 2 Carbon monoxide 6-92 114 0 73 58 87 69 

V = cell volume as a percentage of the original cell volume. 


Expt. 1, anticoagulant was heparin; Expt. 2, anticoagulant was trisodium citrate. 
Metabolism and cation transport in the erythrocytes of the African tortoise 
When heparinized blood was stored for 7 days at 4° C, change in cell cation 


was slight, Na rising and K falling by 2 or 3 m.equiv. If citrate were added, 
however, passive change in cation distribution was much more marked 
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(Table 4, Expt. 2). In either case incubation at 23° C resulted in a small 
amount of transport (Expts. 1, a and 6; 2, a and 6), but at 37° C there was 
a moderate decrease of K, a marked increase in Na and volume, with a ten- 
dency to haemolysis (Expt. 1, a and f). The response of cells from different 
individuals varied; in some cases, cell swelling was 30°% or less and lysis was 
absent; in others swelling exceeded 70%, and lysis was marked or even almost 
complete. The addition of calcium to the standard calcium-free suspending 
medium (3-5 mm was used, though less might suffice) inhibited swelling and 
haemolysis, and made cation transport more evident (Expt. 1, a-c; 1, a, 
f and g). The addition of carbon monoxide, dinitrophenol and cyanide to 
calcium-free cell suspensions incubated at 23° C inhibited transport, but in the 
presence of calcium the effect of cyanide was much less marked (Expts. 1, 
a, b, d and e): presumably, calcium acts by lowering permeability and delaying 
the passive penetration of cations; magnesium is without effect. 


Metabolism and cation transport in the erythrocytes of the grass snake 

- Very few experiments were done with the grass snake because the yield per 
snake was only about 5 ml. blood and 1-2 ml. cells. Sodium alone was estimated 
and in three pools of fresh blood values of 10-0, 10-6 and 11-2 m.equiv/l. cells 
were found. The cells were resistant to increase of Na content during periods 
of cold-storage up to 1 week, the rise varying between 3 and 6 m.equiv/I. cells. 
Incubation with or without added glucose between 16 and 37°C usually 
restored cell Na to the value found in fresh erythrocytes. Fall in cell Na during 
incubation was prevented by the addition of cyanide. Thus, in one instance cell 
Na in fresh blood was 10-6 m.equiv and rose to 14-8 m.equiv after 1 week at 
4° C; incubation at 25° C in the absence of cyanide then caused cell Na to fall 
to 9-6 m.equiv, while in the presence of cyanide (2 mm/l. cell suspension) cell 
Na rose from 14-8 to 20-2 m.equiv in 8 hr. 


DISCUSSION 


It has been concluded from the effects of metabolic poisons and other agents 
that active cation transport in incubated chicken erythrocytes is based mainly, 
if not entirely, on respiratory activity and not, as in human cells, on glycolysis. 
Thus, it is inhibited by cyanide, azide, malonate, 2:4-dinitrophenol and by the 
simple removal of oxygen. It is energized by glucose and also by lactate, the 
former especially being adversely affected by the presence of fluoride or 
iodoacetate. Presumably, cyanide and azide inhibit through their action on 
cytochrome oxidase, malonate by competing for succinic dehydrogenase and 
DNP by its restraint on oxidative phosphorylation (Judah, 1951). There is no 
evidence -that the respiratory poisons decrease apparent transport by in- 
creasing passive permeability to cations: on the contrary, preliminary observa- 
tions show quite consistently, that cyanide, azide and anaerobiosis cause 
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a decrease in permeability to *Na. Fluoride and monoiodoacetate probably 
inhibit cation transport through their respective actions on the enolase 
and triosephosphate dehydrogenase of the glycolytic system, but the effects 
are not easy to demonstrate because of lactate naturally present in cell 
suspensions energizing transport even in the presence of these poisons. It 
follows that the effects of fluoride and MIA will be more evident when they 
act on cells which have been largely freed of lactate by washing; yet even here, 
inhibition is not complete and this may arise from a relatively high content of 
energy-yielding reserves within the cell. In this connexion it is relevant to 
recall the human erythrocyte which does not respire and whose content of acid 
soluble phosphorus is only half that found in avian cells (Rapoport & Guest, 
1941); yet even this cell when incubated with fluoride maintains for some time 
a constant cation level in the face of an adverse concentration gradient; it is 
not until about 2 hr have elapsed that cell Na begins to rise (Harris & Maizels, 
1951). It has been suggested that these findings might be due to a small 
reserve of energizing compounds within the cell. Another reason for the high 
resistance of chicken erythrocytes to fluoride (but not to MIA) may lie in the 
high magnesium content of these cells. It may be said therefore that in sus- 
pensions of washed cells to which glucose has been added, NaF and MIA 
cause considerable inhibition of cation transport (Table 3), but when lactate 
itself is added to such poisoned suspensions transport is more free, though it is 
not quite as great as the transport effected by lactate in the absence of these 
poisons (Table 3). It is likely that this is due to an inhibitory effect of fluoride 
and MIA on respiration as well as on glycolysis. Such an inhibition by fluoride 
of the aerobic phosphorylation effected by cell-free heart extract was described 
by Ochoa (1943) and is presumably due to inactivation of magnesium by 
fluoride added. The importance of magnesium in respiring systems is well 
recognized since the work of Lipmann (1939) on Bacillus delbriickii and its 
effect on the Krebs cycle is illustrated by the observations of Stern & Ochoa 
(1949) which show that magnesium (and manganese) greatly accelerate the 
synthesis of citrate from acetate, oxaloacetate and adenosine triphosphate, by 
enzymes prepared from chicken liver. In the case of MIA it is the sulphydryl 
groups of certain enzymes which are affected and though triosephosphate 
dehydrogenase is especially sensitive, action on the respiratory dehydrogenases 
is not negligible. 

Glutamate and cation transport. Reference has already been made to a paper 
by Krebs and his co-workers (Terner et al. 1950) which shows that besides 
glucose, u-glutamate is necessary for the active transport of sodium and 
potassium in brain and retina. In the case of retina it appears that after 1 or 
2 hr in the cold, the tissue loses about half its potassium and gains an equiva- 
lent amount of sodium, in accordance with the concentration gradients. If 
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increase of K occurs, but if any of the first three be added to the saline 
medium together with glutamate, the active uptake of K against the gradient 
is much greater and there is also an active accumulation of glutamate itself, so 
that with a concentration of 5 mm/l. external medium, glutamate in the retina 
may rise from a normal value of 6 to about 30 mm/kg tissue. Terner et al. found 
that with suitable experimental conditions the respective gains of glutamate 
and potassium were between 10 and 20 mm/kg hr-! and were roughly equal. 
They suggested that glucose, lactate or pyruvate supply energy for cation 
transport and that glutamate acts in some other way, though they have not 
cared to advance the explicit suggestion that it may be directly concerned in 
a cation carrier system. It follows from what has been said, that to support 
a large rise of K in the K-depleted retina sufficient extra glutamate must be 
made available to permit a correspondingly great accumulation in the tissues, 
though it must be presumed that for the maintenance of cation equilibrium in 
the intact retina considerably less glutamate suffices, since the content of fresh 
tissues is only about 6 mm/kg. 

Transport in chicken cells may now be considered in the light of the pre- 
ceding observations. It has been seen that the glutamate content of chicken 
erythrocytes stored at 4° C for 7 days and then incubated for 4 hr is usually 
less than 1 mm /l. cells and that even when cells are suspended in a medium rich 
in glutamate, their content of glutamate increases little if at all. Glutamate was 
estimated by the chromatographic method of Fowden (1951) which is unlikely 
to give results identical with the decarboxylase method used by Terner et al., 
but the above results suffice to show clearly that glutamate in chicken erythro- 
cytes is very much less than it is in ox retina, that no active uptake of gluta- 
mate occurs even in the presence of glucose and that, indeed, glutamate 
penetrates these cells with difficulty. It follows that uptake of K by chicken 
erythrocytes (which may exceed 10 m.equiv/l. cells during the first hour’s 
incubation) cannot be accompanied by an equimolar uptake of glutamate and 
that if glutamate be at all concerned in cation transport by these cells, it must 
act in some cyclical manner. 

In the case of human erythrocytes, Terner et al. (1950) themselves suggested 
the possibility that glutamate may be concerned in cation transport, and re- 
marked that plasma glutamate in relevant experiments (Danowski, 1941; 
Harris, 1941; Maizels, 1949) would be about 0-5 mm/l., though in some of 
Flynn & Maizels’s (1949) experiments, plasma was diluted 40 times and the 
glutamate content of the suspending medium was very low. Moreover, during 
6 hr incubation of a cell suspension (cold-stored blood, 2-5 ml.; NaCl 0-15 m, 
6-85 ml.; KCl 0-15 m, 0-6 ml.; glucose 2-75 m, 0-05 ml.) cell glutamate changed 
from 0-25 to 0-3 mm/l. with a rise in cell K of 10 m.equiv/l. in 4 hr. Here, as in 
chicken cells, there is no correspondence between the glutamate and potassium 
changes, though the possibility exists that in spite of the low cell content, 
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glutamate acts in a cyclical fashion in some cation carrier system. However 
this may be, the contrast between cation transport in brain and retina where 
equimolar movements of K and glutamate occur, and cation transport in 
human and chicken erythrocytes where no such correspondence exists, is 
quite definite. 

Tortoise erythrocytes. Tortoise erythrocytes differ from human and chicken 
cells in that they swell in calcium-free media. The process, which is due to gain 
of Na exceeding loss of K, is accelerated by rise of temperature and at 37° C 
swelling is considerable and haemolysis may be marked (Table 4). Since it is 
unlikely that rise of temperature decreases cation transport, it is probable 
that the effect is due to increased cell permeability, and as calcium inhibits 
swelling and lysis at 37° C it is likely that this action is also due to an effect 
on permeability. This view is supported by the observation that the increase 
in Na which occurs when tortoise cells are poisoned with cyanide, is delayed 
by the addition of Ca. However, the possibility that Ca acts in part on the 
metabolic cycle has not yet been excluded. | 

These observations apply to the African tortoise (the only species used): 
Black & Irving (1938) have observed haemolysis in the oxalated blood of the 
carp, and Hamdi & Ferguson (1940) in several teleosts and elasmobranchs 
whose blood had been treated with fluoride. Hamdi & Ferguson suggest that 
the action is due to the removal of ionized magnesium, though the present 
paper shows that Mg is without action on tortoise cells (Table 4, Expt. 1, A). 
Lyman (1945) showed that when ionized Ca in suspensions of erythrocytes 
from the snapping turtle fell below 1 mm/l. haemolysis occurred: blood from 
four other varieties of turtle showed no lysis when plasma Ca was reduced by 
oxalate or by dilution. Erythrocytes from the chicken and grass snake trans- 
port efficiently and are not haemolysed by calcium-free media. = ~~. 

Respiration, glycolysis and cation transport. The marked inhibitory effect of 
respiratory poisons and of anaerobiosis, and also the ability of lactate to 
promote cation transport in chicken erythrocytes, show that the requisite 
energy for transport is largely derived from respiratory processes. It has been 
seen that after similar conditions of cold-storage, chicken cells incubated with 
cyanide liberate about half the amount of lactate formed by incubated human 
cells (whose glycolysis is only slightly affected by the presence of respiratory 
poisons). Nevertheless, lactic acid formation by poisoned chicken erythrocytes 
is considerable, though it still seems to be insufficient to overcome the resis- 
tance of the cell to transport. Alternatively, it is possible that in the respiring 
cell glycolysis cannot be coupled to cation transport or else that so much of the 
energy derived from glycolysis is diverted to other metabolic requirements of 
the poisoned cell, that insufficient remains for the needs of cation transport. 
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SUMMARY 


1. Chicken and tortoise erythrocytes are larger than human cells, but the 
potassium, sodium and water contents are similar; the magnesium content is 
about twice as great. 

2. The respiring chicken erythrocyte produces little lactic acid, but when 
respiration is suppressed by absence of oxygen or the presence of cyanide or 
2:4-dinitrophenol, lactic acid production is much increased and is about half 
as great as that of human erythrocytes under similar conditions. 

3. Active cation transport in chicken erythrocytes may be energized by 
glucose or lactate. Fluoride and monoiodoacetate tend to inhibit transport, 
their action being antagonized by lactate. Cation transport is strongly in- 
hibited by anoxia and by low concentrations of cyanide, azide and dinitro- 
phenol, although these agencies increase lactic acid production. Inhibition 
of transport by malonate and fluoroacetate is less powerful. 

4. It is concluded that cation transport in chicken erythrocytes derives its 
energy from respiration, and that glycolysis contributes but little, either be- 
cause it is quantitatively insufficient or because it cannot be coupled directly 
to transport. This contrasts with cation transport in the non-nucleated human 
erythrocyte, which is energized solely by glycolysis. 

5. There is no evidence that glutamate is a factor in the cation transport of 
chicken erythrocytes. 

6. Cyanide and dinitrophenol inhibit cation transport in tortoise erythro- 
cytes and cyanide inhibits transport in snake erythrocytes; the effects of other 
metabolic poisons were not investigated. It was concluded that respiration 
was concerned in the cation transport of these cells. 

7. Chicken and snake erythrocytes are unaffected by the external calcium 
concentration, but when tortoise cells are incubated at 37° C in calcium-free 
media, sodium and potassium move with the concentration gradients and 
active transport is not apparent: swelling and haemolysis result. 
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The present work has been undertaken in order to investigate the effects of 
stimulation of the brain through electrodes applied to the surface of the head; 
the main purpose was to find out how large would be the area directly excited ; 
and also to see whether it was possible to record through external leads action 
and slow potentials from the zone involved and any further physiological 
spread of electrical activity. 
METHOD 

The experiments have been performed on baboons under ether and N,O anaesthesia; when 
necessary, the anaesthetic was discontinued. 

The unidirectional electrical stimuli were either saw-tooth pulses or square waves: their 
strength, frequency and duration could be varied independently. 

The body of the animal was insulated and the anode earthed. 

The electrodes were Ag/AgC! disks, 23 mm or 8 mm across, fixed to the skin of the head in the 
required places by rubber bands. The ohmic resistance of the contact was kept at 800-900 2. 


In routine experiments the cathode was placed over the upper end of the motor area and the 
anode either at its lower end or in the middle of it. 


In some experiments bi-temporal electrodes were also used. 

The electrical activity of the cortex during or immediately after stimulation was recorded 
through differential amplifiers with independent a.c. and d.c. gain control (Matthews, 1953), and 
a double-beam cathode-ray tube. The recording leads were similar to the stimulating ones, and 
the shock artifacts were small. Records were made from various regions, two being taken at a time. 
Movements due to electrical stimulation were analysed with standard and slow motion films. 

The same stimulation and recording technique has also been used sometimes on men. 


RESULTS 
Stimulation of the motor cortex 
Muscular contractions 
During stimulation through electrodes placed over the two ends of the 
motor area, there was contraction of the ipsilateral muscles of the face and 
* Permanent address: Istituto di Fisiologia dell’Université di Milano (Italy). 
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neck when the current had reached 2-4 mA (frequency 20/sec). On increasing 
the strength, the upper part of the arm also became involved, but never the 
forearm, None of this took place if the anode was moved to the middle of the 
motor area. With the anode in either position, discrete contralateral move- 
ments appeared when the strength was further increased: the muscles in- 
volved were different according to the frequency of stimulation, and the 
threshold varied between 70 mA at 20/sec and 40 mA at 150/sec. All the 
movements developed progressively up to a maximum. At just threshold or 
slightly above, the muscles relaxed slowly as stimulation continued. With 
stimuli at less than 10/sec the movements followed the frequency of stimula- 
tion, but this did not happen at higher frequencies. Stimuli at over 50/sec 
induced first a maximal contraction of the particular muscles, then a period 
of relaxation; finally slow pendular movements began, increased in amplitude, 
and after 40-50 sec spread to other muscles also, if the stimulation was 
continued. 

There was always a delay between the beginning of stimulation and the 
onset of peripheral effects, and also between the first contraction and the 
spread to other muscles. With threshold stimulation at 20/sec the maximum 
delay was 24 sec. This decreased rapidly as either the strength, or frequency, 
or both were increased. 

In consecutive periods of stimulation no deviation of response was ever 
observed provided that there were intervals of at least 2-3 min between them. 
After shorter intervals extension instead of flexion, or contraction of different 
muscles could occur during stimulation of the same site. 

A detailed analysis of the movements showed that at first they involved 
one muscle only or one group of muscles, producing a movement in only one 
direction. Other contractions only appeared, if at all, after delays of some 
seconds, 


Examples 

(i) Stimulation at 30/sec just above threshold, with the cathode over the foot area: delay 
between the beginning of stimulation and the first peripheral effect, 22 sec. Flexion of the ankle 
without any movement of toes or leg, fully developed in 3-5 sec; stimulation kept on for 30 sec 
without any further effect; the foot regained its original position about 0-25 sec after the end of 
stimulation (Fig. la). 

(ii) Stimulation at 30/sec, with a strength 1-3 times threshold, in the same place as above: 
delay from the beginning of stimulation 12 sec. Same movement as above, developing in 3 sec; 
interval before a second movement 1 sec. Second movement: eversion of the foot of about 60° 
developing in 3 sec. Stimulation kept on for further 20 sec without any new effect. Complete 
return to the original position in 0-25 sec after the end of stimulation. The remainder of the leg 
was completely still, as were the other foot and leg. 

(iii) Stimulation with a strength 1-6 times threshold, same frequency and position as above: 
delay 3-5 sec. First movement: flexion of the ankle, much bigger than the previous one, developing 
in 0-5 sec. Second delay 0-25 sec. Second movement: forearm of the same side, rotation outwards 
of about 40° in 0-66 sec, followed almost immediately by the third movement, general extension ; 
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contralateral foot maximally flexed, contralateral arm completely extended, ipsilateral foot 
extended, ipsilateral arm nearly completely flexed (see also Fig. 2). 

(iv) Stimulation with electrodes placed on the two foot areas, strength 1-3 times threshold, 
frequency 30/sec. First movement: flexion of the foot contralateral to the cathode. Development 
of the movement in 2 sec. Second delay: 5 sec. Second movement: flexion of the other foot and 
slight rotation upwards of both arms by about 25°; both these movements occurred simultaneously 
and were fully developed in 3-5 sec. When stimulation was stopped the second movement dis- 
appeared and the limbs returned to their original position, but the contralateral foot remained 
flexed (first movement). 


Fig. 1. Three photographs of the foot (a) and hand (6) taken before (1) and during (2-3) stimulation 
in baboon. (a) progressive movement of the foot at a frequency of 30/sec, and (6) of the 
hand (3rd, 4th and 5th finger) at a frequency of 60/sec through electrodes kept over the same 
site. For particulars see text. 


(v) Stimulation with cathode over the foot area and anode over the hand area (small electrodes) ; 
frequency 60/sec, strength 1-3 times threshold. Delay 1-25 sec. Flexion of the fifth and slight 
flexion of the fourth finger of the contralateral hand (Fig. 15). Second delay 0-7 sec. Flexion of 
the thumb and the other fingers till the whole hand was clenched. 

(vi) Stimulation in man: cathode over the right motor area in the arm region, anode over the 
corresponding area on the left side. Frequency of stimulation 30/sec, strength 1-7 times threshold. 
Delay 1 sec. First movement: adduction of the left hand towards the radial side developing in 
0-5 sec. Second delay 1-5 sec. Second movement: external rotation of about 20° of the left. 


forearm in 0-66 sec. No further movement appeared during the remaining period of stimulation 
which was continued for 40 sec. No other muscles (not even of the face or of the opposite arm) 


were involved. Return to the original position at the end of stimulation (Fig. 3). 


Electrical changes in the cortex 
The electrical activity of the cortex was recorded by using two pairs of 
recording electrodes simultaneously; one electrode of each pair was on one 


of the following areas: the motor area, 2mm from the cathode, 2mm from 
the anode, and midway between them; the sensory area; the ipsilateral pre- 
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Fig. 2. Stimulation of the left motor area with saw-tooth pulses; frequency 30/sec; strength 
1-6 times threshold. Cathode in the standard position; anode, earthed, in the middle of the 
motor area. Four photographs showing: (1) the baboon before stimulation; (2) beginning of 
the first movement after 3-5 sec latency: flexion of the right ankle (white arrow); (3) the 
movement is completed 0-5 sec later; (4) spread of the movement: the right foot relaxes, the 
left foot (black arrow) is flexed, the right hand (black arrow) extends. 


Fig. 3. Three photographs taken before (1) and during (2-3) stimulation of the right motor area 
in man. Movement in two stages of the left hand (arrowed). For particulars see text. 
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motor area; and the contralateral motor area. The other recording electrode 
was roughly 2 cm away. 

The time constant of the amplifiers was such as to cut out the ‘low spon- 
taneous rhythms and leave only the potentials of up to 10 msec duration. 
Sometimes the gain of the d.c. amplifiers was set independently to record 
slow potentials of 1 mV or more in amplitude. Except in the region very near 
the cathode the number of action potentials and the duration of discharge 
slowly increased to a maximum; the longest time this took to occur was 
27 sec: in this case the frequency of stimulation was 4/sec and the strength 
about 1-3 times threshold. With higher frequencies the build-up was similar 
in form, but more rapid. 

When simultaneous records were taken from regions both active at the 
same time, some action potentials appeared synchronized in the two records, 
but most of them did not. No slow variation was ever recorded in association 
with this fast activity (Fig. 4). 

A different picture was observed near the cathode (Fig. 4): the discharges 
built up to a maximum, showing increasing recruitment, but no increase in 
duration; the result was a progressive synchronization until the volley of 
spikes fused into a single wave of constant duration and increasing amplitude. 
This discharge appeared on top of a negative wave which might last as long 
as 1 sec. During repetitive stimulation temporal summation was recorded 
(Fig. 5): the fast discharge started when the wave had reached a certain 
height, usually between 1 and 1-5 mV; thereafter a further increase in 
negativity accompanied the increasing discharge, but the two phenomena 
were not strictly correlated, as the discharge went on increasing after the 
slow wave had reached its maximum. The maximal negativity recorded was 
4-8 mV. 

It was difficult to measure the delay of the response because the beginning 
of the discharge was superimposed on the end of the shock artifact which 
lasted for 20 msec. However, in some areas far from the cathode a delay up 
to 50-60 msec was recorded. 

When the cathode was in the standard position and the anode almost 
anywhere, the distribution of the electrical activity was as follows (Fig. 4). 
The slow potentials and the synchronous waves were recorded at distances of 
not more than 4~5 mm from the cathode. Asynchronous activity was recorded 
from the rest of the motor area and around it, near the anode, and in the 
nearest part of the premotor area. This activity appeared a little later than 
that near the cathode. No action potentials at all could be recorded from the 
sensory area or from the contralateral motor area. 

When the strength of stimulation was just above threshold there were only 
slow waves with spikes becoming synchronous near the cathode, and a small 
synchronous response near the anode; just below threshold slow waves were 
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recorded, but these were smaller than those usually associated with the fast 
Relationship between movements and electrical activity of the cortex 


The first movement was observed when the slow negative wave had reached 


nearly two-thirds of its maximum value and the synchronization of the spikes 


Fig. 4. Stimulation applied to the two ends of the motor area. Strength 1-3 times threshold; 


frequency 4/sec. Movement observed: flexion of the contralateral foot. Duration of time base 
150 msec: d.c. gain 5 mm =10 mV; a.c. gain 1 om =50 mV. Negativity downwards. Read 
from right to left; stimuli on right. Action potentials recorded at various distances from 
cathode: (a) Upper record 15 mm, lower record 2mm away; 2nd electrode 2cm away 
backwards. Three discharges following stimuli after 4, 12 and 14-5 sec of stimulation. The 
lower record shows a slow negative wave of increasing amplitude and spikes which syn- 
chronize progressively till a complete synchronous wave appears at the bottom. (The shape of 
the slow wave is altered by interference of the a.c. recording at high gain for the fast potentials ; 
the correct shape is shown in Fig. 5.) A negative spike precedes the slow wave (arrowed). 
The upper record shows only a fast discharge of increasing duration. (b) Record from the 
premotor area. Upper record in front of the cathode, lower record 2 cm below. First and 
second stimulus shown after 20sec of stimulation, third after 40sec. Asynchronous dis- 
charges, similar to each other, but often not in phase, and of increasing duration (at the end 
over 450 msec). (c) Record taken 2 mm from the anode (lower record) and from the sensory 
area (upper record). Three consecutive stimuli are shown after 40 sec of stimulation. Fast 


activity only the etiods; no notivity ail over the sensory arma. 
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was almost complete. When the stimulus was just above threshold this 
happened 12-19 sec after the first shock. This delay was found to coincide 
closely with that of the first movement. 


The first action potentials, however, appeared at a much earlier stage. For 


example in one experiment the first spikes appeared at 4 sec, the first clearly 
synchronized wave at 12sec and the first movement 13-19 sec after the 
beginning of stimulation. The muscles involved in the first movement seemed 
to be correlated only with the area from which the slow waves and syn- 
chronous potentials were recorded. 


Fig. 5. Temporal summation of slow potentials in the zone near the cathode (upper record) and 
lack of this phenomenon farther away on the motor area (lower record). Read from left to 
right. Negativity upwards. Stimulation with saw-tooth pulses; frequency 12/sec; strength 
1-3 times threshold. Cathode on the upper end; anode, earthed, over the middle of the motor 
area. Recording in d.c. gain 1 mm =0-5 mV. Between a and b, nine stimuli; between b and c, 
eleven stimuli; between c and d, d and ¢, e and f, f and g, 0-5 sec. 


Stimulation with bi-temporal electrodes 

With a frequency of stimulation of 250/sec and a strength between 2 and 
3 times the cortical threshold, there was extensive contraction of the muscular 
system mainly on the side of the cathode. Weaker shocks produced almost no 
movements, except of the face and shoulders. The generalized contraction, 
however, was not maintained for long, and except for the face, neck and 
shoulders had completely disappeared after 2-3 sec. 

During the muscular contraction some slow pendular movements of the 
limbs with or without the trunk were sometimes observed just as if a clonic 
seizure were about to start: this, however, did not happen and instead there 
was relaxation during or immediately after the passage of current. 

Bi-temporal stimulation at frequencies of 4, 8 (Fig. 6), 20 and 250/sec and 
with a strength of up to 3 times threshold produced a small asynchronous 
discharge of spikes near the cathode and an even smaller one near the anode; 
there were no slow waves and no tendency towards synchronization, neither 
was there any electrical activity in the other areas. When the strength was 
increased to up to 5 times threshold, fast activity was recorded also from 
distant areas; it was about one-third of the size of the discharge near the 


cathode. The time required for building up the discharge and the general 
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_ characteristics were very much the same as for the asynchronous activity 
recorded during stimulation of the motor area. 
When a frequency of stimulation of 250/sec was used, it was not possible to 
record during the stimulation itself; the discharge following the last stimulus 


Fig. 6. Bi-temporal stimulating electrodes (A~, B* earthed). Recording from three pairs of 
electrodes: 1-2 (1 at 2mm from B*), 3-4 (3 at 2 mm from A-), and 5-6 on top of the head. 
Frequency of stimulation 8/sec; strength 3 times threshold. Duration of time base 150 msec. 
Some action potentials, asynchronous and prolonged in 3-4, smaller and with a delayed start 
in 1-2, nothing in 5-6. Read from right to left; stimuli on left. 


was similar to that discussed above, and was limited to the area near the two 
stimulating electrodes. 

The peripheral effects were different when the frequency of stimulation was 
below 25/sec. The muscular system contracted roughly as before when the 
strength of stimulation had reached about 3 times the cortical threshold; no 
relaxation was observed though, even when the strength had been increased 
to up to 5 times the cortical threshold. 
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DISCUSSION 


Stimulation of the cerebral cortex through electrodes placed on the surface 
of the head had a double purpose: (1) To investigate the spread of excitation 
along the cortex under the best physiological conditions. This is not achieved 
with the exposed cortex: even if drying is avoided by means of a layer of 
paraffin oil and if the temperature is maintained at a constant level, it is 
impossible to compensate for the loss of the c.s.f. pressure. Moreover, any 
electrodes applied directly to the surface of the cerebral cortex are a constant 
source of mechanical stimulation and injury. (2) To test whether it is possible 
to stimulate in this way across the brain (as, for instance, with bi-temporal 
electrodes) without causing such widespread excitation as to mask any changes 
due to subcortical action. 

According to Chang (1951la) a single electrical shock through electrodes 
fixed into the exposed cortex elicits a large negative spike followed by a 
prolonged negative wave lasting more than 800 msec. The first potential is 
always present, but the second one occurs when the stimulation is sufficiently 
strong, and increases with the strength of stimulus. With an even stronger 
stimulus a positive spike precedes the negative potential and another positive 
spike follows it. Generally, when the excitation spreads, positive potentials, 
as well as negative spikes, are recorded from the site of stimulation; these 
suggest the arrival of disturbances from different areas (McCulloch, 1949). 

Stimulation from outside the skull gives responses with the same general 
_ pattern: a negative spike appears first, followed by a prolonged negative 
wave, surmounted by fast negative potentials when it has become sufficiently 
large. All this resembles closely the electrical activity first recorded from the 
spinal ventral roots by Barron & Matthews (1938): these authors even observed, 
in mammals, the negative spike preceding the slow synaptic potentials, but 
reported that these findings were not constant. On the cortex the negative 
spikes can almost always be seen; the subsequent positive deflexion is found 
not only when the strength of stimulation is increased, but also after repetitive 
stimuli; e.g. with 1-6 times threshold and a frequency of 8/sec it started 12- 
15 sec after the beginning of stimulation and later progressively increased. 

Chang (1951 a) concluded that the slow negative wave is due to the cortical 
internuncials, and that the first negative spike is the immediate response of 
the dendrites and axons of the first layer of the cortex: in fact he reported that 
this spike spreads more over the surface layers, while the slow potential 
appears to progress mainly in the deeper cell layers. This suggests a close 
—— between the organization of the cortex and that of the spinal 
cord. 

The positive variations require a different interpretation, and will be dis- 
cussed later. 
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A new fact observed during the present work is the tendency of the fast 
activity on top of the slow wave to synchronize increasingly during repetitive 
stimulation. This result presents a further similarity to what has been found 
in the spinal cord (Gualtierotti, 1953) and could accordingly be interpreted as 
due to ephaptic interchanges among a number of active cellsin the internuncials. 

The slow negative wave and spikes occur only in the region of the cortex 
directly excited: in other parts only fast activity has been recorded. This 
activity is similar to the conducted discharges recorded from motor pathways, 
far from the nuclei in which the discharges originated. Thus motor nuclei from 
which spikes only can be recorded might not actually be excited, but only 
passively invaded by a stream of impulses; in fact this activity is accompanied 
by no peripheral signs of cortical excitation; it is present over the whole motor 
area, but the muscles involved in the electrically induced movements corre- 
spond only to a small region of excitation. It can be assumed therefore that 
these spikes originate either from short association fibres or groups of cells 
not concerned in the motor function; however, since no slow synaptic potentials 
are recorded, it seems more likely that no cells are involved. 

When the stimulation is kept up for a long time, there is a spread of muscular 
contraction. Normally this spread is limited to a homogeneous cyto-archi- 
tectonic field and does not travel along the commissural fibres. No action 
potentials can therefore be recorded from the corresponding areas of the 
opposite side. Such a spread may however occur, as is demonstrated by the 
contralateral movements induced by strong and prolonged stimulation; the 
same thing happens spontaneously in epileptic seizures during which a great 
number of cells discharge together; in this case the activity is carried far along 
the white matter, and also to and from other parts of the brain, midbrain and 
cerebellum (McCulloch, 1949). However, there exist powerful barriers to 
prevent this happening under normal physiological conditions. 

If these conclusions hold good, some other results of neuronography, for 
instance, will have to be revised; actual excitation must be distinguished from 
the mere passage of impulses. Thus it might be possible to follow the course 
of the conditioning wave which precedes excitation as it spreads through 
structures not directly involved. 

During the present work, no attempt has been made to investigate the part, 
if any, played in building up the cerebral activity by the proprioceptive 
impulses coming from the contracting muscles. Hyde & Gellhorn (1949) 
report that the muscular response to stimulation of the motor cortex is larger 
before than after deafferentation. Since, however, in the first period of stimula- 
tion the cortical response does not vary much in duration, there can be no 
great spread of activation caused by these impulses then. This is also proved 
by the fact that the contraction of the appropriate group of muscles increases 

in strength, but other muscles are not recruited. Nevertheless, the proprio- 
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ceptive influence may play a major role in the spread of excitation to other 
motor foci, and in the change in excitability of the ones primarily involved, 
during the late part of a period of prolonged stimulation. 

As the physiological spread of excitation increased, other nervous structures 
began in turn to activate the primary area. This afferent activity appeared 
as a positive spike (McCulloch, 1949) and was recorded, in one instance, 14 sec 
after the beginning of stimulation (frequency 4/sec, strength 1-6 times thres- 
hold) with a delay of 50-60 msec compared with a maximum delay of 20 msec 
for the action potentials. A similar spike was visible in the cortex after 
prolonged bi-temporal stimulation. 

The area of the cortex excited during a long period of stimulation or during 
consecutive bursts of stimulation remained nearly constant: also there was 
none of the deviation of response found by authors who have worked on the 
exposed cortex (Bosma & Gellhorn, 1947). Since such a deviation was observed 
in the present experiments if there was no rest of 3-4 min between consecutive 
stimulations, it can be assumed that there is some long-lasting change in the 
cortex after it has been excited. This has been proved by Chang (19516) who 
found that after a single shock there was a short refractory period, followed 
by a prolonged depression, which was proportional to the intensity of stimula- 
tion and the number of cortical neurones excited. With an exposed cortex 
mechanical injury, cold, etc., might very easily cause an increased afferent 
inflow or subliminal stimulation as an adjunct to the electrical one. Thus the 
various cells might start discharging or not according to the summated effect of 
the stimuli and all these other factors; it is not necessary therefore to think of 
complicated connexions among different foci or multiple actions of a single 
focus to explain variations in the peripheral effect. After eliminating all the 
secondary causes, the pattern of the peripheral response is repeatable, pro- 
vided that the only remaining conditioning action, the one due to electrical 
stimulation, is given time to disappear. | 

No great handicap was found in the use of external electrodes: it was 
possible to stimulate such a small area that the movements obtained were as 
restricted as when the exposed cortex was used (Ruch, Chang & Ward, 1947). 

The delay between the beginning of stimulation and the first muscular 
contraction was caused by the building up of the action potentials in the 
appropriate parts of the cortex: at first asynchronous activity appeared, while 
the slow negative wave was increasing. No muscular contraction took place 
during this phase, which lasted for some seconds when frequency of stimula- 
tion was low. At a certain level of negativity, synchronization occurred and 
the movements started. It is difficult to say which phenomenon, whether the 
height of the negative wave or the synchronization of the fast activity, was 
mainly associated with this. However, it is suggested that discharges below 
a certain size fail to pass the synapses between the motor nuclei of the cortex 
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and spinal cord; as soon as the slow negative wave and superimposed syn- 
chronous spike have reached a sufficient amplitude, transmission occurs. The 
fact that the muscular contraction developed smoothly can be explained by 
the asynchronizing action of the spinal cord nuclei; this may be observed for 
instance during strychninization: a group of asynchronous impulses is dis- 
charged along the motor pathways at the peak of the negative deflexion of the 
synchronous wave in the cord due to strychnine (Bremer & Bonnet, 1948). 
Further experiments are required to explain the shift of the stimulated focus 
along the motor area as the frequency changes: up to now, in fact, no adequate 
technique has been devised to record the electrical response of the cortex 
during stimulation in the range of frequencies (between 30 and 100/sec) in 
which this change took place. Similar shifts, however, have been described 
by Hyde & Gellhorn (1951) on changing the frequency of stimulation. 
Analysis of the movements showed that they were of two kinds: the ispi- 
lateral ones, with a low threshold, caused by direct excitation of the peripheral 
nervous system; and the contralateral ones with a higher threshold, cortically 
induced. A full report of this is published elsewhere (Spencer Paterson, 1952). 
Some of the main features of the cortically induced movements have been 
already discussed; namely the initial delay, the absence of deviation of 
response and the variations with frequency. Of special interest is the second 
delay between the first discrete movement and the later more widespread 
contractions: this suggests a step-like increase in the excited area, after a 
previously existing block has been removed. It could be said tentatively that 
this spread was facilitated by the fast electrical activity which was recorded 
over a wide area; but further work on this is needed. The third stage of the — 
spread seems to involve both the connecting fibres of the same side and the 
commissural fibres, since at this stage contralateral movements also appear. 
Stimulation across the brain with bi-temporal electrodes did not excite the 
cortex directly, since, if the conclusions reached above are true, the asyn- 
chronous volleys of potentials seen mainly under the cathode were not an 
index of actual cortical activation. In any case, these potentials were only 
recorded in a very limited area around the cathode and anode. Thus it can be 
assumed that currents passing through the whole thickness of the cortex do 
not excite it, but that the most effective currents are those passing parallel 
to its surface. 


SUMMARY 


1. During stimulation of the motor cortex of baboons through external 
electrodes discrete contralateral movements appeared at a certain strength; 
the movements involved were different according to the frequency of stimula- 
tion. With stimuli at less than 10/sec the movements followed the frequency 


of stimulation, but this did not happen at higher frequencies. 
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2. There was always a delay between the beginning of stimulation and the 
onset of peripheral effects, and also between the first contraction and the 
spread to other muscles. 

3. In consecutive periods of stimulation no deviation of response was ever 
observed, provided that there were intervals of at least 2-3 min between them. 

4. Near the cathode the electrical response appeared as a discharge of fast 
potentials on top of a slow negative wave; a negative spike preceded these two 
electrical changes. In the motor area far from the cathode and in the pre- 
motor area discharges of fast potentials, of increasing duration, only appeared. 
In the sensory area and in the contralateral motor area no response was ever 
recorded. 

5. During repetitive stimulation temporal summation of the slow activity 
and synchronization of the fast activity were recorded. 

6. The first muscular movement analysed by film recording was observed 
when the slow negative wave had reached nearly two-thirds of its maximum 
value and the synchronization of the spikes was almost complete: the muscles 
involved were correlated only with the area from which the slow waves and 
synchronous potentials were recorded. 

7. During stimulation with bi-temporal electrodes at a frequency of 250/sec 
and a strength between 2 and 3 times the cortical threshold, a transitory 
contraction of most of the muscular system took place, which disappeared 
after 2-3 sec of stimulation. 

8. The recorded potentials were found to be similar to those obtained on 
the exposed cortex and to resemble closely the synaptic potentials and action 
potentials recorded from the spinal ventral roots. 

9. The first negative spike has been interpreted as the immediate response 
of dendrites and axons of the first layer of the cortex, while the slow negative 
wave and spikes are due to internuncials. 

10. The tendency of the fast activity to synchronize was taken as a further 
similarity to the spinal cord. 

11. Fast activity alone, recorded far from the cathode, was not thought to 
be an index of excitation of the motor centres in the area involved: in fact this 
activity was not accompanied by peripheral signs of cortical excitation. 

12. The delay between the beginning of stimulation and the first muscular 
contraction was caused by the building up of the action potentials in the 
appropriate part of the cortex. 


The authors wish to thank Prof. Sir Bryan Matthews for reading the paper and for his criticism ; 
and the Dan Mason Research Foundation for a personal grant and financial support. 
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MEMBRANE POTENTIALS OF SMOOTH MUSCLE FIBRES IN 
THE RABBIT’S SPHINCTER PUPILLAE 


By EDITH BULBRING anp I. N. HOOTON 
From the Department of Pharmacology, University of Ozford 
(Received 25 January 1954) 


The measurement of mammalian smooth muscle potentials using intracellular 
microelectrodes of the type first described by Ling & Gerard (1949) for striated 
muscle presents several difficulties. First, the smooth muscle cell is smaller 
than the striated muscle fibre and thus the danger of damage during the 
puncture is so much greater. Secondly, in most organs containing smooth 
muscle this is surrounded by connective tissue too hard to penetrate with 
a fine glass electrode. In softer organs such as the intestinal tract, where 
there is less connective tissue interposed between muscle fibres, a third 
difficulty is presented by their spontaneous activity. During the muscle 
movements the electrode may slip and any observed change in potential may 
be an artifact due to a changed position of the electrode in relation to the cell, 
indistinguishable from true potential changes related to the cell’s activity. 
Besides, it might be difficult to determine a ‘resting potential’ in muscles with 
rhythmic activity which are never truly at rest. 

For these reasons a tissue has been chosen which does not exhibit spon- 
taneous activity, which can be obtained in a sufficiently thin layer to be 
adequately oxygenated in an isolated organ bath and well illuminated for the 
electrode to be inserted under microscopic observation. The iris of albino 
rabbits proved to be suitable because the absence of pigmented epithelium 
allows distinction of the component parts, especially of the sphincter pupillae. 
This preparation has therefore been used to collect information on the resting 
potential in at least one type of mammalian smooth muscle. 


METHODS 


Albino rabbits were killed and bled out. The eyeball was removed. By cutting the sclera along the 
edge of the cornea, the lens, iris and cornea were detached. The lens and iris were isolated together. 
When such preparations were used and attempts were made to insert a microelectrode into the 
iris, breakage was frequent because a thick layer of connective tissue anterior to the sphincter 
pupillae had to be penetrated. For this reason the iris was inverted and a preparation was 
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obtained with the muscle component nearer the surface. The lens was carefully separated from 
the iris and placed in a shallow Perspex cup as shown in Fig. 1A. The iris was then replaced on 
top of the lens inverted so that the posterior surface lay uppermost (Fig. 1B). It was held in 
position by a Perspex ring with a sleeve which fitted the cup (Fig. 1C). When this was slid on from 
the top some of the outer edge of the tissue was caught with it and thus the iris was fixed on top 
of the lens (Fig. 1 D). In some experiments two Perspex rings were used, one fitting into the other 
and the inner ring fitting the cup. The lens was placed in the cup and held by the first ring; then 
the iris was placed on top and held by the second ring. The preparation in its Perspex holder was 
transferred to the constant temperature bath. The outer bath was filled with water at 39° C con- 
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A 10 mm 


Fig. 1. Method for holding the rabbit's iris. A, Perspex cup for the lens; B, the lens (dotted line) 
is placed in the cup and the iris spread over it; C, Perspex ring; D, cross-section of mounted 
preparation. (a) Perspex ring, (5) iris, (c) lens, (¢) Perspex cup. 


stantly circulated from a thermostatically controlled heating bath. The inner bath contained 
a modified Krebs solution of the following composition. To | 1, distilled H,O was added 7-8 g NaCl, 
0-35 g KCl, 0-96 g NaH,PO,, and 1-37 g NaHCO,. When this solution had been saturated at 
37° C with a gas mixture of 95% O, and 5% CO,, 1-4 ml. 20% CaCl, solution, 1-0 ml. 1% MgCl, 
solution and 1-4 g dextrose were added. It flowed from a reservoir continuously at a rate of 
2 ml./min through two coils of polythene tubing lying in the outer bath before entering the inner 
bath, whose fluid level was kept constant by suction. The inner bath contained also the indifferent 
electrode and a thermometer. Another thermometer was inserted in the outer bath. As the inner 
bath was only warmed at the sides but not from underneath its temperature did not reach that of 
the outside bath but remained at 35° C. 

In the early part of the investigation the electrode was supported on a brass guide which could 
be advanced by means of micrometer head (accuracy 5-10), and the other necessary movements 
were obtained with a Palmer adjustable stand and a microscope mechanical stage. In the later 
experiments we used an oil-operated micromanipulator (Matthews, 1952, acourecy 1-2), on an 
anti-vibration mounting. 

Substage illumination was provided from a projector lamp, microscope mirror and condenser. 
Manipulations were observed through a Zeiss microscope with a long-distance objective and 


a 
K 
4j 
| c 
} 
‘ 
B 


294 EDITH BULBRING AND I. N. HOOTON 


& magnification x 80, and in later experiments through a Zeiss Opton binocular dissecting 
microscope with a range of magnification from x6 to x 160. 

Microelectrodes were made from Pyrex or Monax tubing as described by Ling & Gerard (1949), 
with the fine end drawn out as short as possible. A stubby, non-flexible type with an even 
tapering towards the tip was found to give the best results. All electrodes were inspected with 
a water-immersion objective and only those with a tip ofess than 0-5. outside diameter were 
used. They were filled with 3m-KCl. 

The pre-amplifier had a balanced input of electrometer acorn pentodes type 954, similar to that 
suggested by Bishop (1949). After one stage of amplification the output was converted to a single- 
sided signal and fed into a commercial d.c. oscilloscope (Cossor type 1049) via a cathode follower. 
The input grid current was not greater than 10-" A and the time constant was less than 200 psec 
with a source impedance of 50 MQ. A calibration signal was obtained from a potentiometer 
checked with a standard cell (Nastuk & Hodgkin, 1950). The resistance of the electrodes varied 
between 17 and 28 MQ, the average being 20 MQ. The grid current flowed towards the grid and 
would give a negative potential if the resistance of the electrode tip was increased by the material 
through which it passed. By calculation a 20 MQ increase in resistance would lead to 0:2 mV 
increase in negative potential. 

RESULTS 
Measurements of muscle fibres 
When the iris preparation was observed with a microscope and a strong sub- 
stage illumination, circular bundles of fibres were clearly seen close to the edge 
of the pupil; farther away, towards the periphery, radial fibres were seen. 
Both layers overlapped, but close to the pupil the circular fibres were near 
the surface. It was not possible to distinguish with certainty connective 
tissue fibres from muscle fibres, both being closely interwoven. 

When, after treatment with concentrated KOH, the inner rim of the iris was 
teased and the tissue components were inspected with a microscope and high 
magnification, many connective tissue fibres were seen and only comparatively 
few spindle-shaped smooth muscle cells. They measured 3-10, in diameter 
and 10-30, in length. The procedure of separating them by treatment with 
KOH probably led to shrinkage. Measurement of cross-sections of single 
fibres in histological slides gave a diameter of 5-6. The figure for shrinkage 
which is usually given is that fixation produces an average reduction to 50°%, 
of the original size. Thus a diameter of little more than 10 would be —. 
im vivo. In the living preparation it has been impossible to discern spi 
shaped cells; they always appeared to be bundles of uncertain definition” 


Electrical potential changes 
When the microelectrode was inserted into the tissue it was possible with 
a microscope to observe the approach of the electrode towards a muscle 
bundle, but it was impossible to see the actual tip entering a muscle cell. 
Dimpling of the tissue nearer the surface occurred when the electrode was 
advanced more deeply. If dimpling occurred on touching the tissue it was 
a certain sign of a blunt tip and no measurement of electrical potential could be 
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obtained. With electrodes which did not produce any visible dimpling on 
contact with the iris potentials were recorded as shown in Fig. 2. At the first 
contact with the tissue a change of potential from 0 to 2-5 mV was usually 
observed, then, near the edge of the pupil, potentials of about 60 mV negative 
to the outside solution could be recorded at a depth of about 10. from the 
surface. These were only rarely obtained instantaneously and if so most likely 
near the edge of the pupil. The change did not occur as abruptly as we observed 


0-1 sec 


Fig. 2. Membrane potentials recorded from the sphincter pupillae close to 
: the edge of the pupil. 


it to occur in frog sartorius fibres. In the iris a potential between 20 and 
40 mV was usually obtained before an abrupt change to 60 mV or more 
occurred. Near the edge of the pupil the final value was obtained more or less 
instantaneously as shown in Fig. 2. But by far the largest number of records 
showed a stepwise entry and these steps were the more pronounced the further 
the site of puncture was moved towards the periphery. 

Fig. 3 shows examples recorded at 200-300, distance from the pupillar 
edge. In all three records potentials of about 60 mV were recorded near the 
surface and, as the electrode was advanced into the tissue, the potential fell 
again; however, it did not return to the base-line. An intermediate level 
between 20 and 40 mV was maintained until, as the electrode was moved up 
to about 50 into the tissue, one or more changes to 60 mV or above occurred. 
When the final value was attained it was often possible to move the electrode 
over 20 or more without appreciably altering the potential. On withdrawal 
of the electrode the potential first returned to an intermediate level not to 
zero. Often a rise, corresponding to the high potential recorded near the 
surface on entering the tissue, occurred before the return to the base-line 
as the electrode came out. 
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In Fig. 4 are shown examples of records obtained at a distance of 500-600 » 
peripheral from the edge of the pupil. Again the intermediate levels were 
maintained while the electrode was lowered to a depth up to about 100. In 
this region of the iris potentials of 60 mV were rarely seen near the surface, 


Fig. 3. Potentials recorded when the electrode was inserted into the iris at a distance of 200-300 » 
peripheral from the pupil and advancing it about 50 p. 


Fig. 4. Potentials recorded on inserting the electrode at a distance of 500-600» peripheral 
from the edge of the pupil and advancing it up to 100 yu. 


but usually after advancing the electrode for a considerable distance into the 
iris tissue. How far, however, the electrode actually advanced into the tissue 
and how far it pushed the tissue with it could not be ascertained. The latter 
possibility is likely as dimpling of the surface was always noticed when the 
tip was pushed deeply inside the tissue. 
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Correlation of anatomical distribution of tissue components with 
electrical potential levels within the iris 
An anatomical explanation of the potential changes recorded may be found 
on inspection of Fig. 5. This represents a drawing of a serial section of a 
rabbit’s iris, traced from a projection of the histological preparation. It was 
the central section and points 100u apart have been marked at radially 


500 600 700 ps 


Fig. 5. Histological preparation of rabbit's iris. Tracing from projected central section. A, edge 
of pupil; B, epithelial layer of posterior surface lying uppermost; C, sphincter pupillae in 
cross-section. Note large areas of connective tissue between bundles of muscle fibres. 


increasing distances from the pupil where a microelectrode might have been 
inserted. The drawing shows that near the pupil the smooth muscle lies closest 
to the surface and that towards the periphery it can be reached only by 
penetrating more deeply through the connective tissue. In the iris (as distinct, 
for example, from a frog sartorius preparation) the electrode had to pass 
through several kinds of tissue. It first penetrated an epithelial layer, and 
then, alternately, spaces of connective tissue and of smooth muscle. Thus 
results such as those shown in Figs. 2-4 might be expected. When the final 
value was reached the potential was fairly well maintained, as is shown in the 
records, A very gradual decay was nearly always seen, but many potentials 
were maintained at no less than 90% of the original for as long as 5 min. 


Interpretation of results and frequency distribution of muscle potentials 
Several experiments were carried out to ascertain how far the records could 
be interpreted as potentials arising from muscle cells. First, potentials of the 
order of 60 mV could be obtained only in that part of the iris where circular 
muscle fibres could be seen, an area which agreed with that to which, in 
histological preparations, the sphincter pupillae is confined. Outside this region 
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potentials of 30 mV, sometimes even 40 mV were recorded; the change of 
potential, however, was not abrupt but gradual. 

Treatment of an iris preparation with 0-01m-KCN lowered the potential 
only by 10%, but after exposure to 10% chloroform no more than 15 mV 
could be obtained at any place in the tissue. Another iris preparation, in 
which potentials of 52-60 mV were easily obtainable, was heated to 55° C for 
several minutes. It was then cooled again to 35° and, on sampling several 
places, potentials up to 20 mV were still recorded but none higher than that. 
The iris was then removed and replaced by the iris from the other eye of the 
same rabbit. The same electrode was used and potentials of 45-65 mV were 
again recorded. This preparation was now exposed for several minutes to 50°, 
ethyl alcohol. After replacing the alcohol and careful washing with the Krebs 
solution, measurements were made and the highest potential obtainable was 
25 mV at a depth of 80, inside the preparation. 

Finally, while a potential of 65 mV was steadily maintained in a fibre, KCl 
was added to the bath to produce 30 times the normal concentration. The 
potential fell immediately to 10 mV. This might have been due to movement 
as the pupil constricted, but on sampling several places no more than 15 mV 
could be obtained anywhere. 

The activation of fibres by smaller doses of KCl or by acetylcholine always 
led to a slow fall in potential. However, movement artifacts could not be 
excluded, as the preparation was not fixed isometrically. Experiments on 
active tissue were therefore left to further investigation. 

With the data available fron?the foregoing experiments it seemed justifiable 
to exclude potentials below 25 mV as not originating from muscle fibres. 
Potentials up to 40 mV might be recorded from damaged muscle cells. On the 
other hand, they might arise from different cells such as epithelium or con- 
nective tissue. It was not possible to decide this with certainty. However, 
regions of lower potential were found, in agreement with the anatomical 
distribution of connective tissue between bundles of muscle fibres, as the 
electrode was gradually advanced into the iris tissue. These intermediate 
readings, either preceding regions of higher potentials or interposed between 
such regions, were therefore discarded. The remaining lower records were 
included in the selection of fibres which was made according to criteria similar 
to those applied by Nastuk & Hodgkin (1950) to frog sartorius fibres and more 
recently by Kuffler & Vaughan Williams (1953) to the slow skeletal muscle 
fibres in the*frog. They were (a) a sudden entry, and (b) maintenance of the 
potential level. In one series, obtained with the micrometer screw mani- 
pulator, the average potential of 186 impalements was found to be 62-9 mV 
(s.D.+9mV). In a second series, obtained with Matthews’s oil-operated 
micromanipulator, the mean figure for 174 fibres was 57-6 mV (s.D.+11 mV). 
The frequency distribution for the total of 360 observations is represented in 
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Fig. 6. Though the peak frequency is at 60 mV the true value may be higher, 
as there is almost a plateau between 60 and 70 mV. 


No. 
50 
30 
20 
10 

20 30 40 50 60 70 80 

mV 
Fig. 6. Frequency distribution of 360 potentials recorded in the sphincter pupillae 
of the rabbit's iris. 
DISCUSSION 


The sphincter pupillae was chosen for the determination of the normal 
membrane potential in smooth muscle fibres because it does not exhibit any 
spontaneous movements. The mean value of the resting potential was 60 mV. 
Exploration of the iris with microelectrodes revealed regions of low potentials 
(20-40 mV) alternating with regions of higher potentials (60 mV). The distri- 
bution of these different potential levels agreed well with the distribution of 
connective tissue and muscle fibres found in histological sections. It may be 
that many of the potentials recorded at the surface of the iris arose from the 
epithelial layer and dilatator pupillae which is a myoepithelium. Hickman & 
Woodbury (1951) have reported membrane potentials of 30 mV from the 
epithelium in various parts of the frog’s intestinal tract. But below the 
surface the main constituent of the iris is connective tissue, and it was sur- 
_ prising to find that electrical potentials between 20 arid 40 mV could be 

recorded from these regions, and also in parts of the iris which contained no 
muscle. One might suspect them to be mechanical artifacts produced by 
bending of the electrode or occlusion of the tip against an impenetrable 
resistance. The latter was believed to be the reasor fer occasional very high 
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potentials recorded if the electrode was advanced too deeply into the tissue 
and possibly getting close to the underlying lens. These potentials were, 
however, unstable and could be produced by deliberately pressing the electrode 
against the lens. A record of a potential of 87 mV reported in our previous 
communication (Bilbring & Hooton, 1953) could not be repeated when using 
Matthews’s oil-operated micromanipulator with a more controlled movement. 
78 mV was the highest potential which was repeatedly recorded. When a 
microelectrode was inserted into a 6°% agar block made with Ringer solution 
containing the same salt concentrations as that in which it was immersed, no 
change of potential was observed on pushing the electrode from the solution 
into the solid agar. However, within connective tissue of similar solidity 
potentials of some magnitude were observed, though they were never as high 
as those arising from the muscle. 

Considering the potentials arising from the muscular tissue several questions 
remained. Were these potentials recorded from single cells and were they the 
true potentials or those of damaged cells? The observation that the electrode 
tip could be moved without considerable change in potential over a greater 
distance than the diameter of a single cell could be explained by the possibility 
that, on lowering the electrode, the gradually thickening shaft might push the 
tissue with it, as indicated by the dimpling on the surface. The tip would then 
remain inside the same cell which was moved down in front of the electrode. 
In this process the potential might remain constant, or, if the cell was damaged 
and leakage occurred, it might fall to lower values until the electrode pene- 
trated a neighbouring cell. The interpretation of the potentials recorded from 
the muscular tissue was further complicated by the potentials apparently 
arising from connective tissue spaces. In many instances more or less steady 
potential levels, which never fell to the base-line, were recorded while the 
electrode was inside the tissue. If these potentials continued right up to the 
surface of the muscle cells the membrane potential of the muscle would not be 
60 or 70 mV but the difference between this and the steady level recorded 
before the electrode tip entered the fibre. However, the regularity with which 
potentials of the order of 60 mV were recorded near the edge of the pupil, 
where the muscle was close to the surface, made it likely that the true value 
was in this region. 

The iris preparation was not found suitable for the study of activity changes 
because movement artifacts could not be excluded. 


SUMMARY 


1. The resting potential of smooth muscle fibres has been measured, using 
intracellular electrodes, in the sphincter pupillae in the isolated iris of albino 
rabbits. 

2. The average potential was 60 mV. 
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3. The potential was often maintained with no more than 10% decay for 
several minutes. 

4. The possibility is discussed that lower potentials, in the region of 40 mV, 
originate from the epithelium, myoepithelium, and possibly from connective 
tissue cells. 


We are very grateful to Prof. B. Katz and to Prof. A. L. Hodgkin for much valuable advice, and 
to Prof. Sir Bryan Matthews for allowing his oil-operated micromanipulator to be copied. The 
collaboration of Mr O. B. Saxby in constructing this and most of the other apparatus was invaluable. 
One of us (E.B.) would like to express her thanks to the Government Grant Committee of the 
Royal Society for a grant covering the main cost of the equipment needed for this work. 
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MEMBRANE POTENTIALS OF SMOOTH MUSCLE FIBRES OF 
THE TAENIA COLI OF THE GUINEA-PIG 


By EDITH BULBRING © 
From the Department of Pharmacology, University of Oxford 
(Received 25 January 1954) 


The taenia coli is the longitudinal muscle strip found on the surface of the 
colon of only a few animal species, one of which is the guinea-pig. It has 
recently been used by Biilbring (1953) for measurements of oxygen consump- 
tion and Bozler (1938, 1939, 1946, 1948) has made electrophysiological studies 
on this preparation using very small surface electrodes. He recorded small 
spontaneous rhythmic discharges and concluded that the impulses were con- 
ducted within syncytial tissue. He noticed that bursts of impulses were evoked 
by acetylcholine and that adrenaline slowed them, and he found that tonus 
changes were accompanied by potential changes. 

An attempt to measure membrane potentials using intracellular electrodes, 
as described by Ling & Gerard (1949a) was made by Biilbring & Vaughan 
Williams (1951, unpublished). The muscle exhibited considerable spontaneous 
movements and the potentials, which were of the order of 50 mV, fluctuated 
over a wide range. These fluctuations could be correlated with pendular 
movements, and it seemed difficult to ascertain whether true potential changes 
occurred or whether they were due to alterations in the position of the electrode 
tip in relation to the very small smooth muscle cells. Later, with an improved 
technique, Biilbring & Hooton (1953) reported membrane potentials of a 
higher order, up to 75 mV, but again these potentials were not maintained. 
Besides, it was felt that figures for resting potential were not likely to be 
obtained in a tissue which was not quiescent but which was continuously 
spontaneously active. The taenia coli was thus temporarily abandoned, and 
experiments were carried out on the sphincter pupillae of the rabbit’s iris, 
a tissue which is not spontaneously active (Biilbring & Hooton, 1953, 1954). 
Even in this quiescent preparation the potentials showed a very wide scatter; 
this could be partly attributed to the large quantity of non-muscular tissue 
present which made penetration to the muscle difficult. The average resting 


potential was found to be 60 mV and experiments on the taenia coli have now 
been resumed. 
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METHOD 


The guinea-pig was anaesthetized with urethane, the abdomen was opened and the colon was 
exposed. (It was confirmed by histological section that the taenia is the longitudinal muscle lying 
on a thin membrane which contains the circular muscle fibres.) A silk ligature was passed under- 
neath the taenia and tied ; the muscular coat was then cut beside this ligature, as shown in Fig. | (a), 
taking care not to penetrate into the intestinal lumen. While lifting up the cut end of the taenia 
(b) the whole muscular coat, i.e. the membrane with the taenia on it, could be separated by blunt 
dissection from the underlying submucosa and mucosa, the blood vessels remaining mostly un- 
damaged. A thin Perspex frame of oval shape (9 x 15 mm) was then pushed underneath the thin 
circular muscle membrane to which the taenia was attached (c). When the frame was in position 


Fig. 1, Dissection and isolation of the taenia coli preparation. For description see text. 


80 that the taenia ran across it longitudinally, the membrane was tied to the frame, like a tambour, 
but the taenia was not included in the ligature. This was achieved in the following way. The frame 
had a groove along both sides to take the thread, but at both ends the thread was passed with the 
help of a needle through a hole to the other side, thereby excluding the taenia from the ligature. 
The thin membranous circular muscle layer was then cut around the frame over which it had been 
stretched and the preparation was isolated (d). The taenia muscle was thus kept flat on the under- 
lying membrane which was tied to the Perspex frame (d), and both ends were held in two adjustable 
forceps, the distance of which could be altered by a right and left hand screw fixed to one side 
of the bath. 

The bath and all other apparatus used were the same as those already described in the foregoing 
paper on the sphincter pupillae (Bilbring & Hooton, 1954). Injections of drugs were made through 
very fine polythene tubing lying inside the wider tubing through which the Krebs solution flowed 
to the bath. The fine tubing ended near the surface of fluid in the bath. Each injected dose thus — 
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reached the preparation at exactly the same temperature as the perfusion fluid, and, as shown by 
experiments with coloured ink, it was immediately distributed evenly over the preparation. 

In order to give more support to the muscle for the insertion of microelectrodes than was 
provided by the underlying membrane, a 6% agar cushion, or the lens of a rabbit, were placed 
underneath, the latter being more satisfactory because it did not interfere with the illumination. 
To abolish pendular movements the taenia as well as the underlying membrane were tightly 
stretched and included in the ligature around the frame. For such experiments the frame was 
filled with 6% agar to convert it into a flat egg shape. The muscle coat was then tied over this 
slightly convex support with the taenia either running across the longest or across the shortest 
diameter. The latter method ensured cessation of movement without maximal extension of the 
taenia. 


RESULTS 


When a strip of taenia coli was treated with concentrated KOH and teased 
under a microscope, large numbers of smooth muscle spindles could be seen. 
Their size was somewhat smaller than in the sphincter pupillae, about 4-5 
diameter, which suggests that in vivo they might be rather less than i0,. 
In the living preparation single spindle-shaped cells could not be distinguished ; 
they appeared to be in bundles 20-30yu wide. During pendular movements 
they did not seem to contract, but with a magnification x 160 there seemed 
to be a flow like that of some thick syrup. If an electrode had been inserted, 
the tip was carried with this flow across the field from one side to the 
other. 

When microelectrodes were advanced into the tissue of the taenia coli the 
changes in potential occurred more suddenly than in the iris preparation, 
probably because there was less connective tissue. The breakage of electrode 
tips was, however, no less, and it was no exception when twenty electrodes per 
experiment were used; often the electrode had to be exchanged for a new one 
for each observation. 

While the potentials in the sphincter pupillae were well maintained they 
decayed, at varying rates, in most fibres of the taenia coli. Fig. 2 shows 
examples of potential changes recorded in different experiments. (a) and 
(6) were obtained in preparations which were not stretched very tightly and 
were supported by a rabbit’s lens placed underneath the membrane. They 
exhibited vigorous pendulum movements easily seen with the microscope. 
In an exceptional preparation the movements were so infrequent that, during 
quiescent periods, steady potentials could be recorded as shown in (a) over as 
long as 20-30 sec. But usually the potential disappeared as the electrode was 
dislodged from the cell by movement of the tissue. Often abrupt rises of 
potential occurred spontaneously without further advancement of the electrode. 
They were attributed to impalement of new fibres while the tissue moved 
itself towards the electrode tip. In (b) the potential was not so steady though 
well maintained. Small spikes may be noticed which will be discussed later. 
These were also present in (a), and could be seen on the oscilloscope though 
they are not apparent on the record. The preparation from which record 
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(c) was obtained was stretched across the short diameter of the oval Perspex 
frame filled with 6% agar. The records of Fig. 3 were both obtained from 
preparations in which the taenia was stretched longitudinally across the 
frame filled with agar so tightly that no movement could be seen. The spikes 
are shown very clearly; in (a) they were in pairs, in (b) they were single.- They 
consisted of a brief depolarization followed by a slower phase of hyperpolariza- 
tion. The total duration (including the hyperpolarization) was about 150 msec. 


mV 
1 sec 
i i 
(b) 

mV, 
20-; 
40— 
1 sec 


(c) 
Fig. 2. Changes in potential observed on insertion and withdrawal of microelectrodes into taenia. 
(a) and (b) at in situ length (c) stretched. Note spontaneous fluctuations and small variation 
(at arrow) when electrode was moved further down. 


As a descriptive term for the records they will be referred to as ‘spikes’, though 
it is uncertain whether they are strictly comparable with the spike potentials 
of nerve and skeletal muscle as their time course is slower and they have not 
been seen to reverse the resting potential. The rate was usually about 1 per sec 
which is of the same order as the frequency observed by Bozler (1939). He 
also reported that they occurred either singly, in pairs or in groups of three 
and that their magnitude, measured with external electrodes, varied from 
20uV to 4mV. The potentials which have been measured now with internal 
electrodes varied in size from 1 to 8 mV. From the records shown in Figs. 2 
and 3 it appears as if the spike size depended on the height of the membrane 
potential; they were often larger in muscles which were stretched maximally 


and _ a low potential. This was, however, not a consistent observation. 
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Fig. 4 shows three examples of spikes observed in different experiments. The 
depolarization attained by a spike was in (a) 12%, in (b) 15% and in (c) 25% 
of the ‘resting’ potential. 


mV 
20 — ‘ 
(a) 
mV 
20— 
30 — 
(b) 
Fig. 3. Potential ded from two different preparations, both stret hed. no movement detectab} 


In (a) spontaneous fluctuations. Tn (0) the electrode was inserted farther at each arrow. At 
the end of the record the electrode came out spontaneously. 


10 mV 


(a) (b) () 
Fig. 4. Examples of different types of spontaneous rhythm. 


The influence of stretch on the membrane potential 

It was noticed that in preparations mounted at approximately im situ 
length the average potentials recorded were of the same order as those in the 
sphincter pupillae and higher than in preparations in which every care was 
taken to mount the muscle so rigidly that no movement could be detected. 
105 fibres were sampled at in situ length and 87 fibres when tightly mounted, 
and while in the unstretched preparation the potential was found to be 60 mV 
(s.D. + 9°18), it was only 43 mV (s.D.+9-97) when the muscle was stretched 
rigidly. The difference between the results of the two groups was highly 
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significant (P < 0-001). Fig. 5 shows the frequency distribution of the potentials 
obtained in the two groups. 

Experiments were now carried out measuring potential changes while the 
two forceps holding the ends of the muscle were pulled apart or moved closer 
together. Excursions of only 1-2 mm were possible without dislodging the 
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Fig. 5. Frequency distribution of potentials measured (a) when the muscle was not stretched 
(shaded area), (b) when it was stretched rigidly and no movement could be detected (blank 
area). 


electrode from the cell, but small changes up to 8mV were noticed, the 
potential being lower when the muscle was extended. This might have been 
an artifact and the change falls within the spontaneous variation. For this 
reason successive fibres were sampled in muscle preparations when subjected 
to different degrees of stretch. One experiment of this kind is shown in Fig. 6. 
The muscle was first mounted at approximately its im situ length, the two 
forceps holding the ends of the taenia being 12 mm apart. Eight readings of 
potential changes on impalement of successive fibres were taken. The first 
electrode broke after the third reading and a new electrode had to be sub- 
stituted. (This is indicated by black circles in Fig. 6.) The average potential 
at 12 mm was 67 mV. The muscle was then stretched to 20 mm and it was 


found that the membrane potential had fallen to 36 mV. The stretch was now 
20-2 
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relaxed again and the muscle assumed its initial length of 12 mm, while the 
potential rose to 65mV. Finally, the muscle was stretched once more to 
20 mm causing a fall of potential to 41 mV. Thus each condition was repeated 
twice, and twice the potentials of successively sampled fibres changed inversely 
to the degree of stretch. 
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Fig. 6. The effect of changes in muscle length (continuous line) on membrane potential (broken 
line). Black circles =first record obtained with a new electrode; open circles =subsequent 
records with same electrode on re-insertion. The results were obtained by impalement of 
twenty-two successive fibres. 


Tasxe 1, The effect of stretch on membrane potential (number 


of observations in brackets) 
Difference as 
% of lower 
Expt. value 
1 (22) Length, mm 12 21 75 
Potential, mV 66-6 37-6 77 
2 (36) Length, 20 30 50 
Potential, mV 39-3 26-5 48 


The mean results of this experiment are given in Table 1, together with 
the average potentials recorded in another experiment. This time the process 
of stretching the muscle from 20 to 30 mm and that of relaxing it again was 
repeated three times and each time six successive measurements were recorded. 
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Again the effect of stretch was to produce a change in membrane potential 
inversely proportional to that in muscle length. 

While the resting potential was reduced by stretching, the frequency of the 
spikes was increased. In the first experiment it rose from an average of 26 per 
min to 34 per min and in the second experiment from 70 per min to 108 per 
min. 


The action of histamine, acetylcholine and adrenaline 
Although it was not possible to stretch a muscle very much while the 
electrode was inserted without changing its position and dislodging the 
electrode tip from the cell, the action of stimulant and inhibitory substances 
could be studied with isometrically fixed preparations. | 
(a) (b) (c) (d) 


(f) | (g) (h) (i) 
A 30 sec 
Adr. 


Fig. 7. Records of membrane potentials. Histamine 10-’ (upper record) caused depolarization 
and increase in spike frequency; intervals between records (a) to (d) 1 min., between (d) and 
(e) 2 min. Adrenaline 3 x 10-" (lower record) caused hyperpolarization and abolished spikes. 
Intervals between records (f) to (k) 0-5-1-5 min. 


Two experiments are illustrated in Fig. 7. The top record shows a muscle 
membrane potential at 58 mV. After histamine had been added to the bath, 
to make a concentration of 10-7, the potential fell first to 40 mV, reached its 
lowest level of 36 mV 1 min later, and then gradually returned to 55 mV 
5 min later. The frequency of the spikes, which was initially 80 per min, rose 
during the first fall in potential to at least 240 per min. When the potential 
was lowest the spike frequency was 154. Another transient increase in fre- 
quency was observed before the return to the initial rate. The lower record 
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shows a muscle membrane potential at 48 mV with a spike frequency of 
70 per min. After the addition to the bath of adrenaline to produce a con- 
centration of 3 x 10-’ the potential rose to 65 mV and the spikes disappeared. 
While the potential gradually fell, the spikes were still absent. A few spikes, 
each followed by a prolonged phase of hyperpolarization, and a second rise of 
potential to 60 mV preceded the return to 45 mV with a spike frequency of 
84 per min after 8 min. To show the changes in spike frequency more clearly 
two records are given in Fig. 8, (a) produced by acetylcholine 3 x 10-*, (b) by 
adrenaline 10-*. In the first record the potential fell from 47 to 39 mV and 
the spike frequency rose from 80 to 204 per min. In the second record the 
potential rose from 31 to 38 mV and the spikes were absent for 15 sec. 


mV 
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Fig. 8. Effects of acetylcholine 3 x 10-* (upper record) and adrenaline 10-* (lower record) 
. on membrane potential and spike frequency. 


In all these records the electrode was lowered into the preparation, a 
potential change was recorded and, after it had been steady for at least 
1 min, the drug was added to the bath. No movements were seen during 
continuous observation under the microscope and the electrode was not 
touched until the drug effect had passed off. Nevertheless, there was no 
certainty whether the potential changes were not due to movement artifacts. 
To eliminate this possible error the observations were checked by withdrawing 
the electrode during the drug action and inserting it into several fibres in 
succession. 

Both Figs. 9 and 10 show side by side the potential changes observed 
(a) when the electrode was left in position throughout, and (6) when it was 
lifted out and re-inserted into neighbouring fibres. Fig. 9 shows the effects 
obtained with acetylcholine (a) in one fibre, (b) as observed by making one 
to six measurements in four different fibres. Fig. 10 shows two effects of 
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Fig. 9. Action of acetylcholine on membrane potential (continuous line) and on spike frequency 
(broken line), observed (a) without altering position of electrode, (b) re-inserting electrode 
four times. Black circles = first potential measurement on insertion ; open circles = subsequent 
readings. 
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Minutes 
Fig. 10. Action of adrenaline on membrane potential (continuous line) and on spike frequency 
(broken line), observed (a) without altering position of electrode, (6) sampling successive 
fibres. Black circles =first potential measurement on insertion; open circles =subsequent 
readings. 
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adrenaline (a) obtained from one fibre and (6) by impaling successive fibres at 
regular intervals before and during the action of the drug. Thus substances 
like histamine and acetylcholine, which increase the muscle tension, lowered the 
membrane potential, and adrenaline, which diminishes muscle tension, raised 
the membrane potential. At the same time the spike frequency quickened in 
the presence of stimulating drugs while it was slowed during inhibition. 

The depolarization produced by acetylcholine in concentrations from 10-’ 
to 5x 10-* varied from only 6 to 22 mV. The smallest effect observed was 
a reduction of the membrane potential to 85%, the maximum to 40% of the 
initial value. The hyperpolarization produced by adrenaline in concentrations 
from 10-* to 3x 10-* varied in degree from 3 to 25 mV, causing a 10-50% 
increase of the initial membrane potential. 

The effect on spike frequency caused by the concentrations of acetylcholine 
employed was very large and varied from an increase to 190-335°% of the 
initial rate. The maximum rate counted was 4 per sec. These small action 
potentials, which are believed to be of myogenic origin, undergo not only 
changes in frequency but also in size and in duration. It may be mentioned 
that the effect of acetylcholine, on membrane potential as well as on spike 
frequency, was found to persist in the presence of hexamethonium 10-‘, 
nicotine 10-* and cocaine 5 x 10-°, while it was abolished by atropine 10-*. 
Further experiments on the behaviour of the spikes are in progress. 


The measurement of membrane potentials in smooth muscle using intracellular 
electrodes has been carried out on two different types of tissue. For the work 
described in the previous paper (Biilbring & Hooton, 1954) the sphincter 
pupillae was chosen which is not spontaneously active. For the present in- 
vestigation experiments were carried out on the taenia coli, an intestinal 
muscle with vigorous rhythmic motility. In both muscles the potentials were 
found to vary over a wide range and one might argue that the lower readings 
obtained were due to damage of the very small muscle cells by electrode tips 
of a size out of proportion to the size of the cells. Only electrodes which had 
tips of less than 0-5 outside diameter were selected. These allow a sufficient 
seal of the puncture in frog sartorius fibres, but may not do so in smooth 
muscle cells, and subsequent leakage may occur. Finer electrodes, with 
resistances of 35-50 MOQ were tried without success as they invariably broke 
on the first attempt to penetrate the tissue. 

The average potential of the taenia coli muscle fibres varied according to the 
degree to which they were stretched. If the preparation was left approxi- 
mately at its in situ length the potential was 60 mV, which is very similar to 
the value found in the sphincter pupillae. If, however, the taenia was stretched, 
a fall in potential was observed inversely proportional to the change in muscle 
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length. The average potential of preparations which were stretched to such an 
extent that spontaneous movement could no longer be detected was 43 mV. 
The possibility has to be considered that the reduction of membrane potential 
when the muscle was stretched might be an artifact due to the thinning of the 
fibres. It is, however, more likely that it was due to activation of the fibres 
and that, in response to the mechanical stimulus, depolarization occurred 
causing the muscle to contract or, as it was fixed isometrically, to produce 
a tension. 

In skeletal muscle the potential is not changed by stretch (Ling & Gerard, 
19496) nor does skeletal muscle respond to mechanical stimuli. But in the 
taenia coli (Biilbring, 1953) the extension of the muscle, within certain limits, 
leads to increased tension accompanied by an increased oxygen consumption. 
As any increase in tension, whether produced mechanically or chemically, 
has been found to be accompanied by a proportional increase in oxygen con- 
sumption, it was interesting to see what would be the action of stimulating 
and inhibitory substances on the membrane potential. It was found that both 
histamine and acetylcholine, when applied to an isometrically fixed taenia 
preparation, caused a depolarization, while adrenaline caused a rise in mem- 
brane potential. At first sight it might seem paradoxical that the effect of 
stretch on muscle potential should be in the same direction as the effect of 
substances which cause the muscle to contract. But as the smooth muscle 
responds to stretch by developing a tension as it does, in isometric conditions, 
to stimulating drugs, the two observations in fact fall into line. In both 
conditions, whether the muscle was stimulated mechanically or chemically, 
there occurred with the fall in membrane potential a rise in spike frequency. 
It may therefore be concluded that the fall in membrane potential was 
correlated with the increase in tension when the tissue was activated. 

Bacq & Monnier (1935) studying the action of autonomic drugs and of nerve’ 
stimulation on another smooth muscle, the nictitating membrane, came to the 
conclusion that an augmentation of muscle tonus was always accompanied by 
a fall in demarcation potential, and inhibition by a rise. An action of adrena- 
line on the demarcation potential of skeletal muscle has also been described 
(Brown, Goffart & Vianna Dias, 1950) which is similar to that seen in the 
taenia coli. The changes ranged from 0-5 to 2-5 mV and represented a 10% 
increase above the initial value. The hyperpolarization was followed by a 
greater and more prolonged depolarization, and both effects were attributed to 
a direct action of adrenaline on the muscle fibre varying the rate of potassium 
loss (Goffart & Perry, 1951). In the taenia coli the rise in membrane potential 
and disappearance of spikes may also be followed by a secondary fall of 
potential below the initial value accompanied by an increase in spike frequency 
above the initial rate. Both effects may be seen in Fig. 10. Because of the 
great difficulty in obtaining reliable results with intracellular electrodes in this 
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preparation, the observations need confirmation, and simultaneous records of 
tension would be of advantage. Bozler (1948) has suggested that tension and 
potential were closely linked and should lead to spontaneous fluctuations of 
metabolism. Fluctuations in oxygen consumption have recently been shown 
to be present in the taenia coli and were found to be parallel with fluctuations 
in tension. The close relation which now has been found, between membrane 
potential and muscle length on the one hand, and between the changes pro- 
duced by stretch and by stimulating drugs on the other hand, suggests that 
the tension and membrane potential in smooth muscle are interdependent. 


SUMMARY 


1. The membrane potential of smooth muscle fibres in the isolated taenia 
coli of the guinea-pig has been determined using intracellular electrodes. 

2. The membrane potential was found to depend upon the degree of stretch, 
being inversely proportional to the length of the muscle. 

3. At approximately in situ length the average potential was 60 mV. When 
the muscle was stretched to a degree at which no movement could be detected 
the average potential was 43 mV. 

4. Superimposed on the potential level were spontaneous spikes of a fre- 
quency of about 1 per sec. They consisted of a brief depolarization from 1 to 
8 mV, representing up to 25°% reduction of the resting potential, followed by 
a slower phase of hyperpolarization. 

5. Stimulating drugs, such as acetylcholine and histamine, Se a slow 
depolarization and increase in spike frequency. This effect persisted in the 
presence of ganglion-blocking agents. 

6. Adrenaline produced a slow hyperpolarization accompanied by slowing 
or disappearance of spikes. 

7. Reasons are discussed for the assumption that the membrane potential 
of smooth muscle is a function of the tension developed. 


I am very grateful to Mr O. B. Saxby for his continuous help in devising and improving the 
apparatus, I wish to thank Mr I. N. Hooton for his help in some of the earlier experiments and 
Mr D. Groves for technical assistance, My thanks are due to the Government Grant Committee of 
the Royal Society for a grant covering the cost of the equipment. 
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LACK OF CORRELATION BETWEEN THYMUS AND BODY 
WEIGHTS DURING ADOLESCENCE AND EARLY MATURITY 


By JESSIE J. RANKIN 
From the University College of the West Indies, Jamatca 
(Received 27 January 1954) 


Recently during a histological investigation of thymus glands in mice (Rankin, 
1954), it became necessary to establish a more complete ‘development series’ 
than that published by Smith & Thomas (1950) which was for a series of 
forty-eight albino mice ranging over an age period of 0-49 days. This new 
series of weighings covered an age range of 0-494 days, and during this survey 
some interesting facts came to light, i.e. that the growth of the thymus gland 
kept pace with body growth during the early growth phase only, and that 
during adolescence and early maturity there was very little, if any, correlation 
between the two. 
METHODS 

The mice used were from an agouti strain of low tumour incidence and were of known ages. All 
mice were subjected to careful autopsies to ensure that only healthy individuals were included in 
the series. Body weights were recorded immediately after death. The thymus glands were removed 
with the aid of a cautery set, to eliminate the possible variations of +0-5% in weight due to 
escape of blood from the cut thymic vessels, and were weighed on a torsion balance. Linear 


measurements were also made, the greatest length along the tracheal axis being taken as the 
length factor. 


RESULTS 


In this series of animals maximum average thymus weight was reached at 
23 days and remained high, although fluctuating, for the period 23-140 days 
corresponding to adolescence (Fig. 1). The greatest thymus length was also 
reached at 23 days and was maintained at approximately this level during 
adolescence. During this early growth phase the actual thymus length closely 
paralleled the actual linear measurements of the heart taken along the same 
antero-posterior axis. The thymus typical of early adolescence completely 
obscured the left atrium and all the large vascular trunks ventrally, but after 
the onset of involution the length gradually decreased until only a vestige of 
thymic tissue remained in old age. Weighing was found to be impracticable 
after 500 days, although the life span was usually 24-3 years. 
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(a) Period of early growth 
During the period of early growth the maximum of the ratio mg thymus 
wt./g body wt. was reached at 14 days as indicated by Smith & Ireland (1941). 
It can be seen by reference to Fig. 3 that the correlation between thymus 
weight and body weight for thirty-one weighings during this first growth 
period was very close, the coefficient of correlation, r, being 0-93 (Table 1). 


Average thymus weight (mg) 


0-470 2 3 70 100 
Age in days 


Fig. 1. Averages of thymus weights plotted against age. 


For the same period the standard deviation of thymus weight cy = 14-56 mg 
and the standard deviation of body weight oz=1-93 g. These findings agree 
with those of Birmingham & Desbarats for rats (1952) which show a straight- 
line relationship between the logarithm of body weight and the logarithm of 
thymus weight for the same period. 


(6) Period of adolescence and early maturity 

It can be seen from Fig. 2 that there is great fluctuation in thymus weights 
during the second period of growth, i.e. that of adolescence and early maturity. 
An analysis of the scattergraph (Fig. 3) plotting the relation of absolute 
thymus weight to absolute body weight shows that there is very little correla- 
tion between the two. The scatter is observed to cover a very large field, the 
arithmetic mean of which is 76-65 mg and the standard deviation in this 
region of the graph is equal to 7. The range of normality in this period is 
therefore very wide. 
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Fig. 2. Scattergraph of thymus weights plotted against age in periods of early growth (1) and of 
adolescence 
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Absolute thymus weight (mg) 


and early maturity (2). 


Period of adolescence and early maturity o=70 


10 20 30 


Absolute body weight (g) 


Fig. 3. Correlation scattergraph to show relation of absolute thymus weight to absolute body 
weight: (1) period of early growth ; (2) period of adolescence and early maturity; (3) period of 


age’ involution. L9, female at end of lactation. 


j 
q 130 
120 
1 
10 (ds 
0 
| 100 4 
| 
| 40 


BODY AND THYMUS WEIGHTS 


TasLe 1. Thymus and body weights with statistical analysis 
Sum of Sum of 
squares of squares of 
deviations deviations Sum of 


Av. total wt. of thymus weights weights of s.p.of s.p. of No. of 

Age No.of wt.of thymus wt./g body from from y, body thymus weigh- 
(days) animals body (g) (mg) wt. § mean, Sz* mean, Sy* wt., oz wt., oy ings, V 

0 2 2-1 5-5 3-02 

3 4 1-6 5-5 3-435 

4 3 2-215 9-0 4-063 

5 7 2-33 8-7 3-7 116-568 6564-39 817-891 1-9 14-56 31 

8 4 5-825 25-75 4-4 

ll 6 3-604 22-83 6-3 

14 5 6-746 44-0 6-507 


By game =0-92 = coefficient of correlation. 


(c) Effect of disease on normal picture 
As this series of mice was a healthy one there was little opportunity to 
observe the effect of disease on the thymus, but in two cases of lymphosarcoma 
of the thigh muscles which were observed it was noted that the thymus was 
more than 75% less than the average weight of healthy litter-mates. These 
thymuses were therefore well outside the wide range of normality. 


(d) Effect of breeding — 

Many female mice dissected at the end of lactation were found to have 
thymus glands suggestive of regeneration after the ‘gestation involution’ 
originally described by Persike (1940). For purposes of comparison two 
females at the end of lactation are included in the series (L9, Fig. 3), and it can 
be seen that their position falls easily within the wide field of normality. 
| However, it was interesting to note that in both males and females which had 
been allowed to breed ad lib. the thymic tissue was up to 50% less than the 
averages of virgin controls of the same age-group and sex, and these thymuses 
had therefore to be placed outside the normality group. 


DISCUSSION 


The wide variation in amount of thymus tissue present during adolescence 
and early maturity is probably due to changes in conditions in the internal 
environment of the mouse. Some of these conditions have been discussed in 
a recent review of the literature on lymphatic tissue (Dougherty, 1952). The 
wide range of normality would suggest that during this period the thymus is 
a very active organ and that changes in size are largely due to actual fluctua- 
tions in the amount of lymphocytes present. The fact that regenerations may 
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occur after temporary involutions such as that found during pregnancy would 
tend to support this view. It is a well-known fact that the thymus may 
involute during disease or gestation or after accidents (Selye, 1948; Dougherty, 
1952), but sufficient attention has not been paid to degrees of regeneration 
following involution. 

The fact that involution occurred in constantly mating males suggests that 
thymic decrease such as that previously only associated with gestation in 
females may be due to smaller metabolic changes. 

The suggestion may therefore be made that a series of constantly recurring 
partial involutions and regenerations may cause a precocious total involution 
such as has been formerly only associated with ageing. Such partial involutions 
must now be considered as normal phenomena likely to occur during the 
period when the thymus is at the peak of its activity and possibly caused not 
only by abnormal physiological conditions, but by smaller changes in meta- 
bolism than have hitherto been associated with involution. Consequently the 
term ‘acute involution’ (Dougherty, 1952) may now have to be restricted to 
severe and irreversible involution as it suggests an abnormal rather than 
@ normal state. 

Von Bertalanffy & Pirozynski (1952) also noted an obvious break in the 
allometric plot of weight of thymus against body weight of rats at the 

“beginning of involution’, but suggested that the variability of the figures 
might be due to faulty tethaiqns. Although this is possible it is still evident 
from their graphs that the scatter is much wider in the second phase of growth 
than in the first. Recently they (Bertalanffy & Pirozynski, 1953) have shown 
in measurements of tissue respiration against body size that a ‘break’ occurs 
at the beginning of the involution period. It is again obvious from their text- 
figures that the scatter is significantly wider in the second period than in the 
first, even allowing for the faults of their technique necessitated by having to 
prepare the tissues for Warburg analysis. 

_ Therefore, in the interests of accuracy, the wide range of normality in the 
second phase of the thymic growth cycle should be taken into account during 
hormonal and dietetic experiments on the size or weight of the thymus gland. 
It is felt that previously this wide field of normal variation has been somewhat 
overlooked, especially when comparing rates of induced thymic involution. 
It is clearly essential for accurate comparison that such experiments be done 
in the same phase of thymic growth and with careful regard for normal 


variations. 
SUMMARY 


A new series of weighings of thymus glands in mice shows that there is very 
little correlation between thymus weight and body weight in the period of 
adolescence and early maturity. The normal range of variation is shown to be 
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very wide in this growth phase, and caution is therefore advised in assessing 
the results of dietetic and hormonal experiments involving induced thymic 
involution. 
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MOTOR UNIT ACTIVITY IN THE VOLUNTARY 
CONTRACTION OF HUMAN MUSCLE 


By BRENDA BIGLAND anp O. C, J. LIPPOLD 
From the Department of Physiology, University College London 
(Received 1 February 1954) 


In a muscle contracting voluntarily, the tension is proportional to the electrical 
activity, both under isometric (Lippold, 1952) and under isotonic conditions 
(Bigland & Lippold, 1954). The measure of this electrical activity was obtained 
by determining the area under the action potential curve recorded from surface 
electrodes over the belly of the muscle, and was considered to represent the 
‘excitation’ in the muscle, i.e. to be a function of the number and the frequency 
of discharge of motor units. Such a composite measure, however, could not 
distinguish between the two means by which a voluntary contraction is 
graded (variation in the number of active units or their frequency), and it 
therefore became of interest to discover how the frequency of a unit varied 
with changes in tension in the muscle during a voluntary contraction. This 
has been investigated to a limited extent previously, but only at contraction 
strengths which were a small percentage of maximum levels (Gilson & Mills, 
1941). This was because at high levels of activity analysis of the frequency of 
single units became impossible through interference from adjacent units. 

The efficiency of muscle reaches its maximum level when the frequency of 
stimulation of its fibres is just sufficient to produce maximum tetanic tension; 
at frequencies above and below this, the muscle fibre is less efficient (Bronk, 
1930). These facts might indicate that the fibres in a muscle would tend to 
operate near their tetanic frequency, and that changes in tension would, as 
a result, be brought about mainly by means of recruiting motor units whose 
frequency of discharge would rapidly rise to and remain at tetanic level. 

We have studied the problem in two ways. First, by stimulating a human 
muscle artificially and determining the relation between frequency and tension 
produced as has been done already in anaesthetized animals (Adrian & Bronk, 
1929; Brown & Burns, 1949). The expected results would be a proportionality 
between mean tension and frequency until a certain frequency is reached, 
above which no further increase in tension would occur, indicating that this 
represented full tetanic frequency in the muscle fibres. 


g 
é 
a 
5 
e 
3 
— 


MOTOR UNIT ACTIVITY 323 


Secondly, direct recordings of the action potentials accompanying motor 
unit activity and of the tension developed in the muscle were made simul- 
taneously. In such experiments it was necessary to devise some method of 
reducing the interference derived from extraneous units. This was accom- 
plished (a) by use of selective electrodes, which sampled a very small volume 
of muscle, so that the ratio of wanted to unwanted activity was as large as 
possible; (6) by partially blocking the motor nerve to reduce the total number 
of active fibres in the muscle. 

METHODS 

(1) Stimulation experiments. Various arm muscles were used, and it was found that the most 
consistent results were obtained by using the adductor pollicis and the abductor digiti minimi 
brevis, both supplied by the ulnar nerve. These two muscles have the advantage that when certain 
precautions are taken they are the only muscles concerned in the production of adduction of the 
thumb and abduction of the little finger, respectively. 


action potentials 
from abductor on medial epicondyle 
digiti minimi brevis over ulnar nerve 


Fig. 1. Diagram of method used to immobilize arm and to record tension 
and action potentials in the small muscles of the hand. 


In order to measure the tension exerted by these muscles with the required degree of accuracy, 
it was essential to fix the arm and hand rigidly. This was achieved by encasing the forearm and 
hand in a plaster cast (subsequently split to enable the same cast to be re-used) having openings 
left for the thumb or little finger (Fig. 1). 

Tension was recorded with a strain gauge assembly consisting of a length of spring steel, clamped 
at one end and coupled to the thumb or little finger at the other. Strain gauges were mounted, one 
on the upper and one on the lower surface of this spring and connected to form the two arms of 
a Wheatstone bridge. The out of balance current was amplified and displayed on one beam of the 
oscilloscope. 

The muscles were stimulated by square pulses from an Attree (1950) stimulator either directly 
through the skin over the motor point of the muscle or via the ulnar nerve. The electrodes for this 
21-2 


Strain gauge Plaster cast 
assembly holding arm 
Nail if immobile indifferent electrode 
| strapped to skin 4 
Stimulator 
Wire electrodes recording Stimulating electrode 
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purpose were of thin stainless steel sheet, bent to the contour of the part and covered liberally with 
conducting paste (Unguentum Emulsificans Aquosum B.P.). The indifferent electrode was 
strapped to the upper arm and the stimulating electrode was similarly applied to the skin over the 
muscle or to the skin over the groove on the back of the medial epicondyle. The frequency of 
stimulation was varied in steps between 0 and 100 c/s; the stimulus strength was adjusted to be 
supramaximal at 50 o/s and the pulse width was maintained at 0-25 msec in order to eliminate 
possible repetitive firing. The stimulus was recorded on the second beam of the oscilloscope to 
enable a frequency check to be made if necessary. 

The subject first made a series of three maximal voluntary contractions and the muscle was 
then stimulated at 5 min intervals with different frequencies covering the range 0-100 c/s. At the 
end of each experiment the strain gauge was calibrated with suspended weights: it was found to 
be linear over the range of tensions employed and did not vary in sensitivity from day to day. 

(2) Recording of action potentials. The same muscles, and the same recording and fixation 
technique as in the stimulation experiments were employed. The second oscilloscope beam, how- 
ever, recorded the action potentials derived from the muscle. These were picked up by electrodes 
consisting of two strands of no. 48 s.w.c. enamelled copper wire twisted together, the ends sharply 
cut off and introduced through a fine hypodermic needle which was subsequently withdrawn from 
the muscle leaving the wires in situ. It was found to be most important to use a sharp needle, 
otherwise the track of damage left in the muscle acted as a shunt, resulting in poor localization. 
The input from the wires was led to the two grids of a paraphase cathode follower and thence via 
a discriminator circuit to a conventional amplifier (time constant = 1-2 sec). The earth electrode 
was a metal pad strapped to the upper arm. These electrodes proved selective in use, and single 
motor units could be followed throughout  maxinipl contraction. Successful recordings were 
obtained about once in ten insertions of the needle, it being a matter of chance whether the 
electrodes were inserted into a suitable motor unit. 

In order to increase further the selectivity, nerve block was performed. The ulnar nerve was com- 
pressed in the bony groove behind the medial epicondyle by means of a short length of soft rubber 
pressure tubing. The subject was able to control the pressure exerted upon the nerve and hence 
vary the degree of block. Voluntary contractions at strengths varying from 0-100 % of maximum 
voluntary tensions were made in the unblocked state. During block all contractions were made 
with the greatest force that the subject could muster. Although this proved to be a slightly 
unpleasant procedure, no permanent after-effects were observed. 

The oscilloscope trace was photographed in both series of experiments, the stimulation experi- 
ments on 35 mm film travelling at slow speeds and the action potentials on 70 mm bromide paper 
travelling at 20 cm/sec. Counting the frequency of the action potentials was performed in the 
following manner: } sec intervals (about 10 cm in length) were marked on the paper from the 
50 c/s trace superimposed on the tension record. Between these limits the spikes were counted 
for the range of frequency of discharge. The highest frequency was found by taking the shortest 
interval between spikes from the same unit, recognized by the characteristics of form, size and 
regularity of repetition. A series of four regular action potentials which could be clearly identified 
was arbitrarily adopted as the minimum required for making a count. In most records the lowest 
frequency was easily determined, especially at tensions below 50% of maximum and in the block 
experiments, because usually only one or two units were responding within the pick-up range of 
the electrodes. 

RESULTS 

(1) Tenston-frequency experiments. Electrical stimulation of the ulnar nerve 
and direct stimulation of the muscle proved to be painful at supramaximal 
strengths of excitation. It was found much easier to bear this if the stimulator 
was controlled by the subject. Nearly always, on stimulating the ulnar nerve, 


it was possible to produce a tension as great as that attained during a maximal 
voluntary contraction (Fig. 2). 
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Fig. 2. Comparison of tension produced by a maximal voluntary contraction (a) 
and maximal stimulation of the motor nerve (5). 
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0 10 20 30 80 90 100 


Frequency (c/s) 


Fig. 3. The relation between the frequency of maximal stimulation of the ulnar nerve 
and the tension produced in the human adductor pollicis. 


In all experiments the tension exerted by the muscle increased with the 
frequency of stimulation; the tension was directly proportional to frequency 
until this reached a value between 35 and 45 c/s. At this frequency the tension 
increased no further and the plotted curve reached a plateau (Fig. 3). 
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On increasing the frequency of stimulation still further, the usual result 
was a slight decrease in tension, although in a few cases the plateau remained 
flat or fell steeply. 

The same relation was found whether the muscle was stimulated through the 
motor nerve or directly through the skin over the muscle. It also held for the 
submaximally excited muscle, although in this case, as would be expected, 
the scatter of the experimental points about the straight line was greater 


(Fig. 4). 


Frequency (¢/s) 


Fig. 4. The relation between the frequency of submaximal stimulation of the ulnar nerve 
and the tension produced in the human adductor pollicis. 


(2) Action potential recording experiments. In most experiments it was 
possible during voluntary contractions to identify clearly four or five separate 
motor units responding regularly, even when the muscle was contracting 
maximally. Such recordings are shown in Fig. 5. Frequencies above 50/sec 
were never observed and frequencies between 40 and 50/sec only occurred 
when the tension was above 75% of the maximum voluntary contraction 
strength (MVC). Over the greater range of tensions (25-75%, MVC) the 
peg of the fastest units responded at frequencies between 25 and 35/sec 

ig. 6). 

The slowest motor units behaved in a similar way, but the plateau was | 
more evident. Thus over the tension range 5-60% MVC the frequency 
increased. The curves illustrating these findings were obtained from 200-300 
measurements of frequency in each experiment, each point on the graph being 
the mean of all the determinations within a 5% tension range. 
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Fig. 5. Recording from a maximal voluntary contraction in the abductor digiti minimi brevis. 
(a) Tension (vertical bar) 0-100% MVC (maximal voluntary contraction). Time tracing at 
50/sec. (b) Same recording but at submaximal strength. 
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ig. 6. Composite curve showing relation between tension in a voluntary contraction of 
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On several occasions it was possible to obtain records of one clearly identi- 
fiable unit during the whole of a voluntary contraction, in one case throughout 
the course of a complete experiment of 2 hr. Fig. 7 shows how the frequency 
of such a unit varied with the tension in the muscle during a near-maximal 
contraction. This particular unit commenced firing when the tension rose to 
15% of the maximum, at a frequency about 20/sec. During the contraction 
it can be seen that the frequency increased with the tension, but only from 
20 to 30/sec. Other units were observed which commenced firing at different 
tensions, the one shown in Fig. 8 doing so at 48°, MVC, as the tension rose, 
falling out again when it was reduced to 60% MVC. 


1 


Tension (% MVC) 


Discharge frequency (c/s) 


Time (sec) 


Fig. 7. The frequency response of a single unit measured at 1 sec intervals during a voluntary 
contraction of abductor digiti minimi brevis. Open circles © show changes in tension between 


15 and 92% MVC, while filled circles @ are the corresponding discharge frequencies, varying 
between 10 and 30/sec. 


Single units could be identified easily by their characteristic sound when the 
amplified spikes were reproduced on a loudspeaker and they could be followed 
at different tensions through most of the contraction range. It was clear that 
during a voluntary contraction when the tension reached a certain value, 
a particular motor unit would come in and remain firing until the tension 
dropped again to nearly the same value. The same unit always started firing at 
about the same tension level. It was also apparent from examination of the 
records and from the loudspeaker sounds that most units started and stopped 
abruptly and varied in their discharge rates relatively little, in the course of 
a contraction. This held for units coming in at the higher tensions (about 
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25% MVC). Units active at low tensions (below 5° MVC), on the other hand, 
usually had a lower starting frequency and showed a greater frequency range 
than those active only at higher tensions (Fig. 9). 

Discharge rates were seldom regular and showed fluctuations sometimes 
corresponding with slight changes in tension. Often units would miss one 
discharge and then continue at the same rate. At high tensions activity often 
appeared to be in the form of five to ten fairly regular responses then a pause 
of variable length, followed by further activity. This type of activity in ‘bursts’ 
was most common when the muscle was fatigued. 


~ 


1 BE 8 01 345 67 8 11 12 13 
Time (sec) Time (sec) 
Fig. 8 Fig. 9 
Fig. 8. Frequency response of single unit, commencing at 48% MVC 
with a discharge rate of 13/sec and ceasing at 60% MVC. 
Fig. 9. Behaviour of two units at low tensions showing increase of frequency with tension. 


No electrical activity could be detected when the muscle was relaxed. When 
it was fatigued, as at the end of a series of maximum contractions, it was found 
that the amplitude of single unit spikes tended to decrease gradually, although 
there was no alteration that could be observed in the frequency of discharge. 
We have no evidence to show whether this was a true reduction in muscle 
potentials or was an artifact due to the recording apparatus, although the 
latter seems unlikely. Apart from this effect, the amplitude of single units did 
not vary in any one experiment. 

Although the usual response of the muscle was an asynchronous discharge, 
under certain circumstances synchronization of the potentials occurred. If the 
muscle was fatigued, this was particularly evident; during the phase of relaxa- 
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tion the action potentials were often grouped at about 14/sec (Fig. 10). This 
could possibly have been due to clonic reflex activity, because it can be shown 
that the repetition rate of clonus in a part, is dependent upon the twitch time 
which, in the case of the little finger, would give a tremor approximately of 
this frequency. The synchronization was not observed in the partial nerve 
block experiments. 

In the experiments in which the recording was well localized, the action 
potentials were clearly identifiable and discharged regularly enough to leave 
no doubt as to their true frequency. In other experiments, however, there 
may have been more than one unit of similar appearance, and confusion 
between them was possible. This would always have led to an over-estimation 
of frequency. Since this was more likely to have happened at high tensions, 
the actual variation in frequency may well have been even less than we have 
shown. 


Fig. 10. Synchronization of motor units during an isometric, submaximal contraction. 


(3) Motor nerve block experiments. It was decided to attempt partial block 
of the motor nerve, first because if the blocked fibres were randomly distributed 
within the muscle, the number of responding units in the vicinity of the 
recording wires would be reduced, thus making the identification of units 
easier, especially at near-maximum strengths. Secondly, it was possible that, 
as increasing numbers of units were blocked and the tension in a maximum 
voluntary effort fell, remaining units would be forced to respond at their 
maximum rate. Thus a tension range of say 5°%, of the unblocked MVC might 
permit recording the whole of the frequency range of one unit, uninterrupted 
by interference from nearby fibres. 

The first supposition proved correct; when units fell out as a result of the 
block a clearer record was obtained, commonly only one unit firing at tensions 
up to 25 or 30% of the maximum. Pressure on the ulnar nerve gave rise to 
proprioceptive and sensory loss over the typical distribution within 15-20 min 
without measurable loss of motor power. After 40-50 min diminution of motor 
activity occurred and in the space of the next 5-10 min the tension in response 
to maximum voluntary effort fell from 100% to nil. This was the result of 
reduced motor unit activity as could be demonstrated in the records and was 
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apparent from the loudspeaker. The procedure was unpleasant only at the 
beginning of the period of block, when pain was experienced at the site of 
pressure, especially if the same nerve had been blocked previously. With a 
certain amount of practice the subject could control the degree of block by 
varying the pressure on the nerve. 

Maximum effort was not rewarded by maximum response of the motor units. 
When recordings of maximum efforts at different degrees of block, and hence 
different maximum tensions, were analysed in the same way as before, the 
resulting curves followed those obtained from normal muscle (Fig. 11). This 
result was also quite obvious from the loudspeaker, because falling tension 
during the progress of the block was accompanied by progressively lower 
discharge rates of the remaining units. When, however, the degree of block 
was considerable and kept constant, changes in voluntary effort resulted in 
little or no effect on discharge rate, other than starting or stopping it. This 
contrasted with the normal unblocked state at the same tension, in which 
considerable control over discharge rate could be exercised. 


50 


3 


Discharge (c/s) 


Tension (% MVC) 


Fig. 11. Comparison of relation between tension and discharge frequency during voluntary 
contractions in the normal muscle @ and in the same muscle having nearly complete pressure 
block of its motor nerve, O. Upper curve is of maximum and lower of minimum frequencies 
observed. Abductor digiti minimi brevis; ulnar nerve block at the elbow. 


DISCUSSION 
The interesting feature of the relation between unit discharge frequency and 
tension in the whole muscle during voluntary contraction, is the comparatively 
small range through which the firing rate varies. It appears that in the muscles 
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used for these experiments the starting rate of most units is quite high, in the 
region of 20/sec and that this frequency changes little until the contraction of 
the muscle is almost maximal. It may be that the behaviour of the units 
which were studied in these experiments was not typical of the whole muscle. 
That this contention is unlikely, is evident from the composite curves drawn 
from the multiple counts of motor unit frequencies (Figs. 6 and 11) which 
show a clear plateau in the region of 25-75 °/, MVC. These curves do not typify 
the response of particular units to tension in the muscle; from them, however, 
can be found the average maximum rate at which a unit responds at any 
tension. It is quite probable that most units do not fire at rates much above 
35/sec, the frequencies above this being accounted for by units recruited only 
at near-maximal strengths. 

This is also supported by the form of the frequency-tension curve (Fig. 3) 
resulting from artificial stimulation of the muscle. Here, although maximum 
tension is not reached until a frequency of 40/sec is applied, there is a distinct 
decrease in slope in the region of 35/sec indicating that different fibres may 
have slightly different tetanic frequencies. At frequencies above 45/sec no 
further increase in tension occurred. 

In these experiments the tension measured represents the mean level 
attained during a series of stimulations: it is impossible with simple apparatus 
to record either the maximum or the minimum peak level, because of the 
distortion due to the inertia of the muscle. 

The proportionality found between the mean tension and frequency depends 
on the time course of the active state (Hill, 1949) and on the properties of the 
elastic elements, and suggests that each contraction after a shock contributes 
a certain amount of tension-time (f7dt, where 7 is the tension and ¢ the time) 
which summates simply with the next. If the summation process is assumed 
to depend solely upon the addition of tension during each response and not to 
involve the factor of time, it becomes necessary to presuppose that the rate of 
relaxation of the contractile element in the muscle is linear. When the stimuli 
are 80 Closely spaced that a contraction occurs at the time of development of 
peak tension due to the previous one, the muscle will exert its maximum 
tetanic tension. 

Bronk (1930) showed that as the rate of stimulation of a muscle is increased, 
the economy or amount of tension-time maintained per unit of energy expended 
increases. He suggested that this was mainly due to a greater degree of fusion 
of the muscle twitches, there being no further increase in economy with 
frequencies above that needed to produce complete tetanus. This may be 
interpreted in terms of Hill’s active-state theory: the shorter the interval 
between stimuli, the less the active state declines between each successive 
contraction and therefore the less the energy required to maintain a given 
amount of tension-time. Thus a grading of activity more by recruitment than 
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by changes of frequency over the major range of tensions exerted would lead 
to greater economy within the muscle. This would result in individual fibres 
starting to fire abruptly at relatively high frequencies, as we have found in 
these experiments. On the other hand, the results of the recording experiments 
confirm previous work that changes in frequency of discharge do play a part 
in the contraction of voluntary muscle, particularly at low tensions (Adrian 
& Bronk, 1929; Lindsley, 1935; Hoefer & Putnam, 1939). The lack of activity 
at rest confirms the work of Smith (1934) and Gilson & Mills (1941). 

A scheme of the pattern of activity which might agree with this experimental 
evidence is given in Fig. 12. 


100° 


Tension 


oo Frequency of one unit 50 

Fig. 12. Scheme illustrating possible mode of behaviour of individual motor units during the 
voluntary contraction of a muscle. A particular unit starts firing when the tension in the 
muscle reaches a certain level, its frequency increasing with tension over a comparatively 
small range except at low and high tensions. 
When the ulnar nerve was partly blocked, maximum voluntary efforts did 
not result in maximum rates of firing of individual units, but showed a similar 
relation between frequency and tension to that observed in submaximal con- 
tractions in the unblocked state. This could mean that tension, rather than 
the degree of voluntary effort made, in some way determines the frequency of 
motor unit firing. This connexion between frequency and tension may depend 
entirely upon the conditions of the experiment or it may be a physiological 
mechanism operating in the intact muscle. The former possibility can be 
accounted for by supposing that the block of motor nerve fibres by pressure 
is preferential, so that as the block proceeds, those fibres subserving the higher 
frequencies succumb first. 
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It might also be explained by pressure on the nerve producing an inter- 
mittent block, although if this were the case it would be unlikely that the 
composite curve would be of the same form under both normal and blocked 
conditions. Moreover, it should have been possible to discern periods of 2/1, 
3/1, 4/1 ete. block in single fibres as the tension fell, but this type of discon- 
tinuity was never seen. 

Leksell (1945) has shown that a selective pressure block can be set up in 
a motor nerve such that conduction in the large fibres can be eliminated, while 
the small motor fibres remain functionally intact. Thus in our experiments the 
muscle spindle afferents were probably the first to be blocked (Seddon, 1944), 
a supposition supported by the rapid loss of proprioceptive function during the 
early stages of each experiment. Like Matthews (1933) Leksell also found that 
on stimulation of the remaining small motor fibres there was no contraction of 
the muscle but the afferent discharge from the muscle proprioceptors was 
augmented. 

Our results may indicate the existence in man of a physiological mechanism 
controlling unit discharge frequency either in the manner suggested by Holm- 
gren & Merton (1954) or which might be linked with the control of muscle 
spindles in some way. Such a system might well result if the cortex is able to 
control muscle spindle activity without directly altering tension, as has been 
shown by Granit & Kaada (1952). 

SUMMARY 

1. Human muscles were stimulated with square pulses applied locally and 
via the motor nerve at different frequencies: the tensions were recorded with 
a strain gauge. The maximum tension produced by tetanic stimulation equalled 
that developed in a maximum voluntary contraction. This maximum occurred 
at frequencies between 35 and 40/sec. 

2. Recordings were made from single motor units with fine wire electrodes 
during voluntary contractions of various strengths, and the frequency of 
firing was measured. 

3. The relation between strength of contraction and rate of firing is an 
S-shaped curve. 

4. The ulnar nerve was partially blocked by pressure at the elbow, and 
motor unit frequencies were measured during maximum efforts as the tension 
declined. The frequencies of discharge were not higher than those occurring 
when the nerve was normal and the relation between strength of contraction 
and rate of firing was the same as in the unblocked state. 

5. These results indicate that gradation of contraction in the muscles 
investigated is brought about mainly by motor unit recruitment, except at 
very low and high contraction strengths. 


It is a pleasure to acknowledge the great assistance given by Miss Anne Wrench in the course 
of these experiments. 
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THE SITE OF PULMONARY STRETCH RECEPTORS 
IN THE CAT 


By J. G. WIDDICOMBE* 
From the Nuffield Institute for Medical Research, Oxford 


(Received 3 February 1954) 


Inflation of the lungs causes inhibition of inspiratory activity by the Hering- 
Breuer inflation reflex. In 1933, Adrian recorded action potentials from single 
vagal nerve fibres coming from the pulmonary stretch receptors for this reflex; 
the location of the receptors has not been identified. Weidmann, Berde & 
Bucher (1949), using rabbits, suggested that many of the endings lay in the 
visceral pleura, but this has little histological support. The intrapulmonary 
bronchi seemed a more likely site, not only because appropriate nerve endings 
have been described there (Larsell, 1921; Elftmann, 1943), but because stretch 
receptors in the extrapulmonary bronchi have properties similar to the pul- 
monary stretch receptors (Widdicombe, 19545). This paper describes experi- 
ments attempting to localize the receptors for the Hering-Breuer inflation 
reflex, and a consideration of some of the factors which modify their activity. 
A brief report of some of this work has already been given (Widdicombe, 
1953). 
METHODS 

Thirty-seven cats were used; activity from pulmonary stretch fibres was recorded in twenty-five; 
and the Hering-Breuer inflation reflex investigated in twelve. They were anaesthetized with 
intraperitoneal pentobarbitone sodium, 32 mg/kg. Tracheal cannulae were inserted. Systemic 
blood pressure was recorded from a carotid artery, using a mercury manometer. Intravenous 
injections were made into an external jugular vein. 

To record vagal nerve fibre activity the chest was first opened widely, the cat having artificial 
positive pressure ventilation. Both vagi were cut, and the peripheral end of the left nerve was 
placed on a small platform; strands containing one active afferent nerve fibre were isolated on 
electrodes. Action potentials were amplified and displayed on a cathode-ray oscilloscope. Fuller 
details of the electrical apparatus have been given elsewhere (Widdicombe, 1954b). Only those 
fibres coming from slowly adapting pulmonary stretch receptors were investigated. 

Receptors were localized to a pulmonary lobe by preventing the expansion of each lobe in turn; 
gentle pressure at the root of the lobe blocked air entry without apparent damage to nervous or 
pulmonary tissue. The receptors were further localized by pressure on the lobe with a blunt probe 
or paint-brush. The pleura was then stripped off; this naturally resulted in haemorrhage and 
leakage of air. Lobes thus severely damaged had to be tied off at the root, so in any cat only three 
to four endings could be investigated with this technique. 

* Present address: Microbiological Research Department, Ministry of Supply, Porton, Wilts. 


PULMONARY STRETCH RECEPTORS 337 


To determine the action of bronchomotor drugs on the receptors the lungs were artificially 
ventilated, with constant volume delivered at each pump stroke. The cats were usually enclosed 
in a body plethysmograph (Dawes, Mott & Widdicombe, 1951) from which a record of changes in 
lung volume was obtained by a float recorder writing on a smoked drum. Inflations with a syringe 
gave responses identical to those obtained with the pump. Intratracheal pressure was displayed on 
a cathode-ray oscilloscope by means of an electrical condenser manometer; the pressure changes 
were used as an index of bronchial tone, as the latter was believed to be the most important variable 
in causing changes in pulmonary resistance to inflation in these experiments. 

The Hering-Breuer inflation reflex was elicited in cats with intact chests by inflating the lungs to 
approximately twice the tidal volume; the chosen inflation volume was used for the entire experi- 
ment in any particular cat. The inflation was made at the beginning of an expiratory pause, using 
a syringe; the next inspiratory effort was delayed by the reflex. In these experiments intratracheal 
pressure was measured by a tambour writing on a smoked drum. The activity of the Hering- 
Breuer inflation reflex was measured as the ratio of the time between the artificial inflation of the 
lungs and the next inspiratory effort to the time occupied by the preceding normal respiratory 
cycle. This ratio takes into account the rate of respiration and its slowing by the Hering-Breuer 
reflex, but not tidal volume and respiratory muscle tone. As such it could not be regarded as 
a comprehensive index of Hering-Breuer reflex activity, but it was convenient; changes in the 
ratio are expressed as a percentage to indicate either enhancement or depression of the reflex. The 
ratio was not applied if there were large changes in the spontaneous respiratory cycle. 

To perfuse the bronchial arteries a short-circuit was first made round the segment of the aorta 
from which they arose. All the arteries in this segment were tied off except the branch to the 
bronchi; this also supplied a section of the oesophagus, part of the posterior chest wall, and some 
of the mediastinum. Thus only a proportion of a drug injected into it would reach the bronchi. The 
aortic segment was perfused from a carotid or internal mammary artery. Patency of the bronchial 
arteries was tested at the end of each experiment by injection of indian ink and direct observation. 
The cate were heparinized. Veratridine injections were made at intervals of 10-15 min in order to 

Histamine acid phosphate was given in doses of 100-500 ug; acetylcholine 50-300 yg; eserine 
300-600 yg; pilocarpine 50-500 ug; adrenaline 50-150 yg; atropine 1-3 mg. 


RESULTS 
Direct localization of receptors 
Weidmann e¢ al. (1949) have suggested that, in the rabbit, the majority of 
pulmonary stretch receptors lie in the visceral pleura; this possibility was 
tested in the cat. While recording from a pulmonary stretch fibre the lobe of 
the lungs containing the receptor was identified, and the position of the ending 
discovered by pressing on the pleura with a blunt probe. Rather heavy 
pressure was usually needed for stimulation, sufficient to indent the pleura 
several millimetres, and it was possible to delineate an area of maximum 
sensitivity to pressure about 5 mm or less in diameter. A corresponding area 
on the opposite side of the lobe was always found, although there was often 
an obvious difference in sensitivity between the two sides. Stroking these 
pleural areas with a paint-brush only stimulated the receptors when firm 
pressure was applied. Having determined the approximate site of a receptor 
the visceral pleura was stripped off both sides of the lobe for areas of more than 
1 cm in diameter with centres at the points of maximum sensitivity to pressure. 
22 PHYSIO. CXXV 
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Only one out of thirteen endings was destroyed by this procedure, although 
more than half the pleura was removed from several lobes. 

After stripping the pleura overlying the receptor, dissection was continued 
into the lung parenchyma. The twelve endings all lay deep to the surface of 
the lung, and were usually very sensitive to traction on the bronchial tree; four 
were in or closely applied to large intrapulmonary bronchi (1-3 mm in 
diameter). In two experiments a probe was passed down small bronchi from 
the exposed peripheral ends, and the receptors were strongly stimulated by 
the resultant distension of the air passages. More precise localization of 
pulmonary stretch receptors proved difficult because of haemorrhage and 
leakage of air from the lungs. It had, however, been demonstrated that the 
majority of endings were not situated in the pleura. 


1 sec 


110mm 
Hg 
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Fig. 1. The action of acetylcholine on a pulmonary stretch receptor. Upper trace: action poten- 
tials from a pulmonary stretch fibre. Lower trace: intratracheal pressure. A, B and C show 
the response to three inflations with the same volume of air; between A and B 200 pg 
acetylcholine was injected intravenously. In B the intratracheal pressure reaches a higher 
value than in A (indicating a bronch striction), and the receptor discharges more 
frequently. C is 2 min later when the effect of the drug had worn off. 


Bronchial tone and receptor activity 
If the stretch receptors lay in the intrapulmonary bronchi their activity 
might be modified by drugs which altered bronchial tone. Acetylcholine was 
considered most suitable since its effects are transient and reproducible; 
intravenous doses were given which caused an increase in pulmonary resis- 
tance to inflation. Acetylcholine almost invariably caused an increased 
frequency of discharge from the receptors (Fig. 1); the volume of air entering 
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the lungs at each pump stroke was unchanged, but there was an increase in 
peak intratracheal pressure. The results for twenty-four endings are included 
in Fig. 2, which shows that there was no general correlation between the 
increase in discharge frequency and the change in intratracheal pressure. For 
any individual receptor, however, these two variables_were closely related, 
and the time relationships of their changes were similar. Thus in Fig. 3 the peak 
discharge frequency of a receptor is plotted on the same time scale as the 
intratracheal pressure after an injection of acetylcholine; both responses lasted 
about 1 min. mae 


Fig. 2. The action of bronchomotor drugs on pulmonary stretch receptors. Ordinate: percentage 
change in intratracheal pressure. Abscissa: percentage change in peak discharge frequency 
at the height of inflation. ©, acetylcholine. @, eserine; @, histamine; A, pilocarpine; x, 
adrenaline; +, atropine. Each point corresponds to the action of the appropriate drug on a 
single receptor; the maximym change in discharge frequency after the injection is compared 
with the change in intratracheal pressure at the same time, constant volume phasic inflations 
being used. 


This suggested that the increased frequency of discharge observed after 
acetylcholine might not be a direct action on the receptor but a secondary 
result of bronchoconstriction. This was supported by observations with other 
drugs. Histamine, eserine and pilocarpine all increased the pulmonary resis- 
tance to inflation and the discharge frequency of pulmonary stretch endings 
(Fig. 2), and again the time courses of the two changes were similar (Fig. 3). 
Adrenaline and atropine, on the other hand, usually caused a decrease in the 
discharge frequency of the receptors, which was concurrent with a decrease in 
intratracheal pressure (Fig. 2); there was not the same consistency as with 
acetylcholine, and several receptors discharged more rapidly after adrenaline 
in spite of a decrease in intratracheal pressure. Before adrenaline would lower 
the discharge frequency of the receptors it was usually necessary to increase 
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bronchial tone with eserine or pilocarpine. Figs. 3 and 4 illustrate results with 
adrenaline, The fact that all six drugs changed the activity of the stretch 
receptors, and that for any single receptor this change ran parallel in size and 
time with the alteration in intratracheal pressure (and hence probably with 


bronchial tone) suggested that the two were causally related. This was supported _ 


by the fact that, in four instances, atropine blocked the action of acetylcholine. 
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Fig. 3. The time relationships of the actions of acetylcholine (150 yg), histamine (200 »g) and 
adrenaline (50 ug) on the discharge of a single pulmonary stretch receptor and on intratracheal 
pressure. — x —, peak discharge frequency of the receptor at the height of phasic constant 
volume inflations; —O—, peak intratracheal presssure at the same instants. Abscissa: time 
in minutes, reckoned from the times of injection of the drugs. There was a 5 min interval 
between the injections of acetylcholine and histamine; the adrenaline was administered 
while the response to histamine was still apparent. 


These observations might have been attributed to changes in the expiratory 
volume (functional residual air) of the cats, which would alter total lung 
volume at the peak of inflation. This was excluded by recording changes in 
expiratory volume by means of the body plethysmograph; they were often 
too small to measure, and never greater than 5 ml. For some receptors impulse 
frequency/lung volume curves were drawn before and after administration of 
the drugs; Fig. 5 shows two such curves, one before and one after injection of 
200 ug acetylcholine. With a 25 ml. inflation the peak frequency of the receptor 
increased from 40 to 52 impulses/sec after the drug; the increase in expiratory 
volume which would have produced an equivalent change was about 14 ml. 
For a 100 ml. inflation the increase in discharge frequency after acetylcholine 
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Fig. 4. The action of adrenaline on a pulmonary stretch receptor shown as in Fig. 1. Between A 
and B 100 yg of adrenaline was injected intravenously. The discharge of the receptor 
decreased, and the intratracheal pressure was less (constant volume inflation). In CO the 
effect of the drug has worn off. 


0 50 75 100 125 1 
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Fig. 5. Volume response curves of a pulmonary stretch receptor before (— x —) 
and after (—O—) administration of 200 yg 
(94-107 impulses/sec) would require an increased expiratory volume of 40 ml. 
The increase in expiratory volume measured from the plethysmograph record 
was about 2 ml. and was constant throughout the test inflations. 
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Three receptors whose discharge frequency was increased by acetylcholine 
abruptly ceased activity towards the end of inflation (Fig. 6). During each 
expiration the sensory unit recovered. This is somewhat similar to the effect 
of over-inflating the lungs (Adrian, 1933); the impulse frequency increases with 
the volume of the lungs until, with severe overdistension, the receptor sud- 
denly ‘cuts-out’; this was attributed by Adrian to a Wedensky inhibition. 
Histamine also cnused an unusual response in two receptors. The discharge 
rate of these endings was first increased during inflation, and then the peak 
frequency fell below the control level while the frequency of discharge during 
the expiratory pause was greatly enhanced (Fig. 7). In both instances the 
increase in intratracheal pressure was exceptionally large. 


Fig. 6. An atypical response of a pulmonary stretch receptor to acetylcholine (150 ug injected 
between A and B), shown as in Fig. 1. The drug caused an increased discharge by the receptor 
early during inflation, but the activity ceased as the peak of inflation was reached (B); in 
C both the increased discharge and the cessation of activity have disappeared. 


The drugs were also injected during maintained distension of the lungs. The 
lungs were inflated until the receptor was excited to a continuous discharge, 
the tracheal cannula was closed and the drug then injected. With very slowly 
adapting endings the discharge rate was nearly constant before the injection 
was made; with more rapidly adapting receptors the action of the drugs was 
seen on the spontaneously declining discharge. Observations with four drugs 
are included in Table 1. With one exception acetylcholine caused a decrease in 
the discharge rate of the receptors. This usually lasted a few seconds and 
started 5-10 sec after the injection. In three instances there was a short com- 
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plete inhibition. The other drugs yielded inconstant results. The two endings 
with histamine were those mentioned in the paragraph above. There was no 
measure of bronchial tone in these experiments, but the same quantities of the 
drugs caused normal changes in bronchial tone both before and after the 


experiments. 
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Fig. 7. An atypical response of a pulmonary stretch receptor to histamine (500 ug injected 
between A and B), shown as in Fig. 1. The drug first caused increased activity by the receptor 
(B), but then the discharge rate at the peak of inflation fell considerably (C), although the 


or negative percentage; 1009 . In 
ing the percentages the impulse frequency which showed maximum change after the 
drug was compared with the average of the im frequencies before the injection and that 
after the response to the injection was complete. 


Percentage change in frequency of discharge after 


Receptor Eserine Acetylcholine Histamine Adrenaline 
1 71 82 -28 
2 ll 0 
3 4 60 
4 -15 — 100 _— 0 
5 23 0 
6 -8 -57 
8 - 100 0 
9 0 -14 — a 

10 0 ~15 
il - 100 194 
12 - 20 


Action of veratridine 
Veratridine causes pulmonary stretch receptors to discharge continuously 
(Dawes et al, 1951); the necessary intravenous dose is about 10-20 yg for an 
adult cat. If the receptors lie in the intrapulmonary bronchi they may receive 


discharge rate during the expiratory pause was increased. Note the great increase in intra- ; 
tracheal pressure during inflation. 
TaBLE 1, The changes in activity of pulmonary stretch receptors in —_ to brouchomotor J 
drugs. The receptors were stimulated by a maintained inflation of the lungs, and the drugs 4 
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a large proportion of their blood supply from the bronchial arteries; the effec- 
tive doses of veratridine when injected into the bronchial circulation were 
therefore determined and are shown in Table 2. The two central columns show 


veratridine injected into the perfused bronchial circulation and external jugular vein respec- 
pire yin tie ec ‘effective’ doses are the smallest which caused sensitization by each 

ective’ are the largest which caused no change in receptor activity. 


pg of veratridine into 
Bronchial artery External jugular vein 
Fibre —s‘Ineffective Effective —‘Ineffective Effective 

A _ 1 2-5 5 
B 1 10 
Cc 1 10 
E 1 2-5 5 10 
F 1 2-5 10 — 
G 2-5 5 12-5 aa 
H — 5 5 10 
I — 10 10 20 
J 5 12-5 125 
K 50* 100* 
L 100* 100* 
M 150* 150* 

* Veratrine. 


the smallest effective doses of veratridine when injected into the bronchial 
circulation, and the largest ineffective doses given intravenously. For thirteen 
receptors smaller doses caused sensitization via the bronchial arterial route, 
and in three experiments (B, C and D) the difference was at least tenfold. Nine 


endings (not included in Table 2) did not show any difference in sensitivity; 


eight of them had a high threshold to veratridine by both routes and were not 
studied further when test doses (of 10-25 yg veratridine) proved ineffective. 


Fig. 8 shows the effect of 1 wg veratridine injected into the bronchial circula- — 


tion compared with 5 wg given intravenously (receptor A); there is a con- 
tinuous high-frequency discharge after the former injection, but only a minimal 
sensitization after the latter. 

The drug concentrations at the receptors were not known. There was a large 
dead space in the aortic segment and cannula, and the latency between injec- 
tion and sensitization was usually over 30 sec for the bronchial arterial route; 
this dead space would lower considerably the blood concentration of veratridine. 
In addition, the aortic segment supplied other structures as well as the bronchi ; 
a proportion of the drug would not reach the bronchi, and the difference in 
sensitivity between the two routes may have been greater than it seemed. 


Bronchial tone and the Hering-Breuer inflation reflex 


Since bronchoconstriction (as judged by changes in intratracheal pressure) 
was associated with an increased response of the pulmonary stretch receptors 
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to phasic constant volume inflations, the action of bronchomotor drugs on the 
Hering-Breuer inflation reflex was determined. Acetylcholine was not used 
since its effect was too transient; the results with the other drugs are 
summarized in Fig. 9. An enhancement of the inflation reflex was produced 
by drugs which caused an increase in intratracheal pressure (bronchoconstric- 
tion) and depression of the reflex by drugs which lowered intratracheal pres- 
sure. Interpretation of the results was complicated because the drugs often 


Fig.8. Sensitization of a pulmonary stretch receptor by veratridine administered into the bronchial 
circulation (A, B and C) and intravenously (D and 2). Traces as in Fig. 1. All inflations of 
the same volume, Between A and B, 1 ug veratridine was injected into the perfused bronchial 
arteries; B and C0 (continuous) show the great sensitization which resulted. Between D and 
E, 5 pg of the drug were given intravenously, with a slight change in activity only. 15 min 
between and D, 

caused changes in the respiratory cycle; these could not always be eliminated 

but doses were chosen as small as possible in the hope of altering bronchial tone 

with little effect on the respiratory cycle. In Fig. 9 only those results are 
included in which there was no change in expiratory, tidal and minute volumes 
or in which the change in the inflation reflex was much larger than any 
alteration of respiration. This made it less likely that the changes in the reflex 

were due to direct action of the drugs on the respiratory centre. Fig. 10 

illustrates two experiments. In the first, a 50 ml. inflation caused a large rise 

in intratracheal pressure; the next inspiratory effort during this artificial infla- 
tion caused a fall in intratracheal pressure and at this instant the trachea was 
opened to atmospheric pressure; thus the duration of the artificially raised 


a 


Fig. 9. The action of bronchomotor drugs on the Hering-Breuer inflation reflex. Ordinate: per- 
centage change in intratracheal pressure on a large positive pressure inflation of the lungs. 
Abscissa: percentage change in the inflation reflex elicited by the same inflations. @, eserine ; 
@, histamine; A, pilocarpine; x, adrenaline; +, atropine. Each point corresponds to a 
single experiment. 


A 


250 Hg 
pilocarpine 

* 10. Cat, 3-3 kg. The actions of pilocerpine (A) and atropine (B) on the Hering-Brever infis- 

tion reflex. Uppermost trace: lung volume changes. Middle trace: systemic blood pressure. 
Lowest trace: intratracheal pressure. The inflation reflex was elicited by artificial inflations of 
the lungs, indicated by the large rises in intratracheal pressure and by the signal marks. The 
durations of the artificial inflations indicate the time during which respiration was inhibited 
by the inflation reflex, Pilocarpine caused an increase in the respiratory pause due to inflation 
of the lungs, the effect wearing off after some minutes (third signal mark). Atropine caused 
a decrease in the respiratory pause due to inflation. Forf urther description see text. The 
mountings have been retouched. 
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intratracheal pressure (9 sec) compared with the previous respiratory interval 
(5 sec) is @ measure of the delay in the respiratory cycle caused by the Hering- 
Breuer reflex. After administration of pilocarpine there was a small decrease 
in expiratory volume and an increase in respiratory rate and in minute 
volume (interval 3-5 sec), but a 50 ml. inflation caused a longer delay (14 sec) 
than previously. Thus in spite of a respiratory stimulation by pilocarpine, 
inflation of the lungs was more effective in slowing the respiratory cycle than 
before the drug. The second experiment, illustrated in Fig. 10, shows a depres- 
sion of the Hering-Breuer inflation reflex by atropine, although the drug 
caused slight respiratory inhibition, with no change in expiratory volume. 

As with the experiments on stretch receptors, those drugs which cause 
bronchoconstriction gave more consistent results than those which cause 
bronchodilatation ; the latter usually diminished the reflex response to inflation 
only if the resting bronchial tone had previously been increased by eserine or 
pilocarpine, so that the drugs could produce a substantial decrease in resistance 
to inflation. In two cats in which large doses of histamine and pilocarpine 
were used an immediate enhancement of the inflation reflex was followed by 
a depression which lasted several minutes. 


DISCUSSION 


In the cat the pulmonary stretch receptors were not destroyed by stripping 
the overlying pleura. Weidmann et al. (1949) have concluded that in the 
rabbit the receptors lie in the pleura; they found that many of them were 
inhibited by 2% procaine solution painted on the lung, while intravenous 
injections of procaine were ineffective. However, the depth of penetration of 
the drug when applied to the pleura was not measured and the intravenous 
procaine must have reached all parts of the lung including the pleura. Histo- 
logical evidence is against the pleural site. The ‘encapsulated receptors’ of 
McLaughlin (1933) were described as non-nervous structures by Larsell (1935). 
Those pleural receptors which have been observed are infrequent and are 
connected to small nerve fibres (Larsell, 1922); the pulmonary stretch fibres 
are relatively large (Paintal, 1953). A species difference is possible, but does not 
seem likely since the receptors behave in identical manner in cat and rabbit (as 
judged by records of the activity of vagal nerve fibres). The pleura of both 
species is thin and serous, unlike the fibrous layer of larger animals. 

In considering how bronchomotor drugs can influence the activity of pul- 
monary stretch receptors, several possibilities can be eliminated. 

(1) The drugs might be acting directly upon the sensory endings; but it is 
unlikely that all six drugs have a direct action upon the receptors. In addition, 
acetylcholine increased the discharge of the receptors on phasic positive pres- 
sure ventilation, but inhibited the continuous discharge of the endings due to 
a maintained inflation; this is difficult to explain by a direct drug action. 
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(2) The changes in receptor activity might be secondary to cardiovascular 
effects; but there was no constant relationship between the two. For example, 
an increase in the discharge of the receptors was seen both after pilocarpine 
which usually caused a large secondary increase in systemic blood pressure and 
heart rate, and after histamine and acetylcholine which produced a fall in 
blood pressure and heart rate. Changes in the pulmonary vascular bed were 
not recorded, but Biilbring & Whitteridge (1945) have shown that these have 
little effect on the activity of pecans stretch receptors in cats with opened 
chests. 

(3) It is improbable that mucus secretion caused the transient increase in 
receptor activity seen after acetylcholine, for the removal of any mucus would 
be slow (in the absence of the cough reflex); and this could explain neither the 
actions of adrenaline and atropine, nor the changes in discharge on injection of 
the drugs during maintained inflation of the lungs. 


<—Alveoli 


Bronchioles, etc. 


A. Bronchoconstriction during B. Bronchoconstriction during 
maintained inflation of lungs phasic inflation of lungs 


Fig. 11. Diagrams of the air passages and alveoli to explain suggested mode of action of 
bronchomotor drugs on the pulmonary stretch receptors. For description see text. 


(4) Changes in expiratory volume might have accounted for some of the 
results, but this has been eliminated. 

A direct relationship between bronchial tone and receptor activity seems 
the most likely explanation, since for any receptor the timing and size of the 
change in discharge frequency ran parallel to the alteration in resistance to 
inflation. Any consideration of these results must account for the fact that 
during constant volume inflations of the lungs, drugs that caused broncho- 
constriction enhanced the Hering-Breuer inflation reflex and pulmonary 
stretch receptor activity, while during maintained inflation of the lungs 
acetylcholine reduced the receptor response. A possible explanation is illustrated 
in Fig. 11. During maintained inflation acetylcholine would constrict the 
entire bronchial tree, with a displacement of gas into the alveoli. Under these 


— 


Bronchi 


~— 


PULMONARY STRETCH RECEPTORS 349 


conditions stretch endings in the airways might be less active. With phasic 
inflations, however, there is an increased peak pressure, and this might cause 
a greater transmural pressure and distension of the larger bronchi (in spite of 
the muscular contraction in their walls) concurrently with a bronchiolar 
constriction; this assumes that the main increase in resistance to inflation 
occurs in the smaller air passages. There is no direct evidence for such an 
increase in diameter of the larger bronchi, but in the absence of a more likely 
explanation, this site is suggested for many of the ‘pulmonary stretch 
receptors’. 

Some results may be due to unequal changes in the lungs; for example the 
experiment illustrated in Fig. 7 is consistent with almost complete blockage of 
air entry to a partially distended pulmonary unit, so that there is a raised 
resting discharge rate with only a small increase on inflation. Similarly, the 
increased expiratory discharge in Fig. 6 could be due to hindered deflation of 
the appropriate unit. That only five out of twenty-four receptors had behaviour 
of this type suggests that unequal ventilation of the respiratory units con- 
cerned was uncommon; and the uniformity of experiments on the Hering- 
Breuer inflation reflex supports this view. 

The presence of smooth muscle spindles in the bronchi with ‘large’ afferent 
nerve fibres, has been described by Larsell (1921) and by Elftmann (1943). 
From their situation the receptors might be expected to show many of the 
properties described in this paper, including a relative sensitivity to drugs 
injected into the bronchial arterial circulation. Stretch receptors in the 
extrapulmonary bronchi and the trachea have many properties in common with 
the pulmonary stretch receptors. Both are slowly adapting, and both inhibit 
inspiratory activity (Widdicombe, 1954a, 6). One difference is that the great 
majority of the former are stimulated by deflation of the air passages, which 
is unusual with pulmonary stretch receptors. 

If the stretch receptors lie in the intrapulmonary bronchi two further 
observations may be explained. Knowlton & Larrabee (1946) have shown that 
after an over-distension of the lungs the response of the receptors to a given 
volume inflation of the lungs is reduced (fig. 16 of their paper). This is accom- 
panied by a fall in resistance to inflation of the lungs, and in intratracheal 
pressure. They suggested that the endings have adapted to the over-inflation ; 
it seems more probable that the lowered inflation pressure stretches the walls 
of the larger bronchi less than before, since the resistance to distension of the 
alveoli and bronchioles has decreased. Aviado, Li, Werner, Schmidt, Turnbull, 
Peskin, Hess & Weiss (1951) have shown that veratridine causes exaggerated 
reflex respiratory responses when it is injected into the pulmonary veins with 

retrograde perfusion through the lungs, compared with injection into the pul- 
monary artery with normal direction of flow; the pulmonary stretch receptors 
are sensitive to veratridine (Dawes et al. 1951), and if they receive a large 
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proportion of their blood supply from the bronchial arteries, and the latter 
drain ultimately into the pulmonary veins, then a retrograde injection may 
reach a greater number of receptors by a more direct route than an injection 
into the pulmonary arteries. 

While it has been concluded that the majority of the stretch receptors lie in 
the intrapulmonary bronchi, this site is clearly not exclusive. The pulmonary 
stretch receptors have been studied only by recording activity from afferent 
nerve fibres, and considerable variations in adaptation rate, response to defla- 
tion, fibre size, cardiac modulations of rhythm, and responses to drugs have 
been found. In the absence of investigations more directly applied to the 
receptors themselves it would be dangerous to assume complete uniformity 
either in location or in reflex activity. 


SUMMARY 


1. Experiments have been carried out to localize the pulmonary stretch 
receptors in the cat. 

2. Removal of the visceral pleura did not destroy the great majority of 
endings, and it was concluded that they were not pleural receptors. 

3. Drugs which altered bronchial tone (as measured by changes in resistance 
to inflation of the lungs) influenced the responses of the receptors to phasic 
constant volume inflations with positive pressure; bronchoconstriction was 
accompanied by an increased discharge from the receptors, and broncho- 
dilatation by a reduced discharge. 

4. Endings stimulated by a maintained inflation of the lungs were inhibited 
by acetylcholine. 

5. The Hering-Breuer inflation reflex was more active after administration 
of drugs known to cause bronchoconstriction, and less active after drugs known 
to cause bronchodilatation. 

6. Smaller doses of veratridine sensitized the pulmonary stretch receptors 
when injected into the bronchial arterial circulation than into the pulmonary 
arteries. 

7. Possible explanations of these results are discussed. It is concluded that 
the activity of pulmonary stretch receptors is related to bronchial tone, and 
that many of the endings lie in the intrapulmonary bronchi. 


I am indebted to Dr G. 8. Dawes for much encouragement and advice. Part of the work was 
carried out during the tenure of a grant from the Medical Research Council. 
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There is general agreement that nerve impulses from aortic baroceptor 
endings travel into the central nervous system either in the main vagus trunk 
or in a separate slender nerve, the aortic or depressor nerve, lying close to the 
vagus. An account, with references, of the earlier work which has contributed 
to this agreement is set forth in a paper by Katz & Saphir (1933). The variable 
distribution of the fibres between the two alternative pathways was noted in 
the rabbit by Bayliss (1893) who remarked on the difference in size of the 
depressor nerve from one rabbit to another. He found that when the depressor 
nerve was small, the more pronounced fall of blood pressure was produced by 
stimulation of the central end of the vagus. 

The possibility that a third route exists for cardiac depressor fibres through 
the recurrent laryngeal nerve, the communicating branch and the superior 
laryngeal nerve was considered by Howell & Huber in 1891 but they were 
unable to produce any supporting evidence from electrical stimulation 
experiments. 

The experiments to be described in this paper were initiated by the chance 
observation of nerve impulses synchronous with the heart beat in a filament 
of the superior laryngeal nerve of the rat. 


METHODS 


The experiments were performed on eighteen rats and two rabbits. The animals were anaesthetized 
with urethane, given intraperitoneally as a 25% (w/v) solution, 5 ml./kg body weight. 

The dissection of the superior laryngeal nerve. A mid-line incision was made on the ventral 
surface of the neck. The subcutaneous tissue was divided between the salivary glands. The 
sternohyoid muscle was cut transversely at its attachment to the hyoid bone and reflected back 
and cut short as close to the sternum as possible. The connective tissue in the region of the 
common carotid artery at the level of the thyroid cartilage was dissected with the aid of a low- 
power binocular microscope to reveal the superior laryngeal nerve at ite point of departure from 
the nodose ganglion. The nerve was detached from the ganglion and dissected free in the direction 
of the larynx. The nerve divides usually into four filaments as it approaches the larynx, and care 
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must be taken that the most slender of these, which passes between the thyroid gland and the 
tracheal cartilages, is not damaged. 

Recording. The prepared nerve was placed on silver wire electrodes which were bound with a 
single layer of silk thread wound spirally to maintain a layer of Locke’s solution on the surface of 
the wire. A pool of Locke’s solution was formed at the bottom of the wound cavity and the nerve 
and the electrodes were submerged in this except when recordings were taking place. The electrodes 
were connected to a conventional capacity coupled amplifier and thence to cathode-ray oscillo- 
graphs and loud-speaker. The action potentials were recorded on moving bromide paper. In a few 
experiments the cardiac potentials were picked up by means of silver wire electrodes threaded 
through the skin over the thorax, one electrode being over the xiphisternal cartilage and the other 
over the atria. The cardiac potentials were amplified by a conventional e.c.g. amplifier and mixed 
with the signals in the nerve impulse amplifier by condenser coupling to the last stage. 

Open thorax experiments. To reduce haemorrhage, only the minimum possible area of the 
thoracic wall was removed to reveal the aorta. An opening was made in the trachea close to the 
‘larynx and a narrow bore polythene tube inserted to the level of the bronchi. The tube was not a 
close fit with the trachea, enough clearance being available to allow the escape of gas. A steady 
flow of oxygen was maintained through the tube and was adjusted until the animal’s diaphragm 
and chest movements appeared normal. It was then possible to continue the dissection of the 
recurrent laryngeal nerve into the thorax to the point at which it looped around the aorta. An 
advantage of this method over positive pressure ventilation was that the lungs remained almost 
motionless and only slightly inflated. The colour of the arterial blood was satisfactory. 


RESULTS 

Anatomy. Fig. 1 shows in diagrammatic form the arrangement of the fibres 
under consideration in this paper. 

Action potentials in the main trunk of the left superior laryngeal nerve of the 
rat. Considerable large fibre activity is detectable in the main trunk. Since 
the nerve had been detached from the vagus the motor fibres to the crico- 
thyroid muscle were inactive. The number of afferent impulses increases during 
the inspiratory phase of respiration and this variation is very marked during 
dyspnoea. Many of these impulses are derived from proprioceptors at the 
thyro-epiglottic joint and signal the movements of the epiglottis which take 
place synchronously with respiration (Andrew & Oliver, 1951la). It is con- 
venient to eliminate the large proprioceptive impulses as they mask the 
activity in the smaller fibres and this may be done by section of the most 
anterior branch of the nerve (branch 1). Fig. 2 shows the effect on the impulse 
traffic in the main trunk of cutting branch 1 in two stages. 

When the discharge from the proprioceptors is eliminated the activity of 
fibres discharging rhythmically with the pulse is detectable. Section of 
branches 2 and 3 does not alter this discharge, but if branch 4 is cut it ceases 
immediately. The discharge synchronous with the pulse could be heard 
distinctly on the loud-speaker before the section of branch 1, ie. above the 
noise of the larger fibres in half the experiments, and in all the experiments 
after the section of branch 1. It was considered possible that these impulses 
originated from baroceptors in the laryngeal region, particularly as baroceptor 
stations on the carotid artery of the cat have recently been described (Green, 
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1954). To test this idea the common carotid artery was occluded low in the 
neck. There was no change in the discharge. Furthermore, section of the 
recurrent laryngeal nerve caused the immediate cessation of the impulses, thus 
ruling out the possibility that the sensory zone lay in the larynx. 


Fig. 1. Plan to show the arrangement of the nerve fibres under consideration in this paper. 
NG, the nodose ganglion of the left vagus nerve of the rat; V, the left cervical vagus nerve 
trunk; SLN, the left superior laryngeal nerve trunk; RLN, the left recurrent laryngeal nerve; 
T, the aortic twig of the RLN; M, the motor fibres to the laryngeal muscles; 1, the most 
anterior branch of the SLN which carries afferent nerve impulses from a, the epiglottal touch 
and chemoreceptor nerve endings (Andrew & Oliver, 19516), and 5, the proprioceptors at the 
joint of the epiglottis; 2, the motor fibres of the SLN which supply the crico-thyroid muscle ; 
3, sensory fibres from the larynx below the level of the vocal cords; 4, the communicating 
branch which contains, amongst other sensory fibres, fibres connected to aortic baroceptor 
endings. 


Action potentials in the communicating branch. Branch 4 proved to be the 
communicating branch between the superior and recurrent laryngeal nerves. 
In the rat it is very slender and so offers more favourable recording conditions 
than does the main trunk of the superior laryngeal nerve. Recordings from 
the communicating branch are shown in Fig. 3. In many cases the record 
from the branch took the form of a compound spike potential owing to the 
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Fig. 2. Records to show the effect of section of branch 1 on the afferent impulse traffic in the left 
superior laryngeal nerve of the rat. A, respiration indicator, descent indicates inspiration. 
B, nerve impulses before section of branch 1. C, nerve impulses after branch 1 has been 
partly sectioned, the increase in impulse frequency in certain fibres during inspiration is 
noticeable. D, activity after complete section of branch 1, impulses synchronized to the pulse 
now remain; they may be seen in record C though partly masked. 2, time signal =0-2 sec. 


B 
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Fig. 8. Recordings from the communicating branch (branch 4). A, a recording from the intact 
branch, showing the synchronized activity of several fibres. B, recording from a single active 
fibre following dissection of the nerve, this fibre discharged four or five nerve impulses with 
each heart beat. C, time signal =0-2 sec. 
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synchronous activity of several fibres. However, the results obtained after 
splitting up the nerve trunk indicated that each fibre discharged four or five 
impulses with each heart beat. The lower record of Fig. 3 shows the activity 
of a single fibre. The impulse-discharging characteristics in terms of aortic 
blood pressure and rates of change of pressure were not measured but were 
judged from the reduction in the rate of discharge which occurred when the 
blood pressure was reduced by haemorrhage; they were not dissimilar to other 
aortic baroceptors. 

The fibres carrying the impulses were tracked into the main trunk of the 
recurrent laryngeal nerve. In many cases they appeared to follow a superficial 
course in the trunk since they were readily destroyed when the connective 
tissue sheath of the nerve was dissected off. In one experiment the bundle of 
fibres of the communicating branch did not fuse with the main trunk of the 
recurrent laryngeal nerve but remained as a discrete filament closely applied 
to the main trunk. In this instance it was possible to follow by dissection the 
fibres bearing the baroceptor impulses into the thorax. 

It will be seen from Fig. 3.4 that other fibres of smaller size are active in the 
communicating branch. These fibres maintain a continuous background dis- 
charge and some, at least, are connected to sensory endings in the trachea and 
oesophagus. Slowly adapting endings sensitive to mechanical distortion of 
the oesophagus were detected; for these, longitudinal stretching of the 
oesophagus was a potent stimulus. The endings appeared to be concentrated 
in the rostral third of the oesophagus. During swallowing the main inflow of 
sensory nerve impulses occurred whilst the peristaltic wave passed over the 
rostral third of the oesophagus. 

Action potentials in the recurrent laryngeal nerve. When the recurrent laryn- 
geal nerve was cut and the central (vagal) end placed on the electrodes it was 
usually found that the activity of the large motor fibres serving the laryngeal 
muscles masked the discharge synchronous with the heart beat, though it 
could be heard on a few occasions. However, when the left vagus was cut close 
to the nodose ganglion so as to interrupt these motor impulses, the baroceptor 
discharge was usually detectable. Fig. 4 shows recordings from the central end 
of the left recurrent laryngeal nerve of a rat before and after section of the left 
vagus. It was thus possible to follow the active fibres to the point at which the 
nerve entered the thorax. 

The time relation of the impulses to the electrocardiogram. The impulses in 
the communicating branch were recorded simultaneously with the electro- 
cardiogram. Separate amplifiers were used and the outputs mixed so as to 
show the time relations of events in nerve and heart. The impulses began 
during the 7 wave and ceased before the succeeding P wave. Heart rates were 
of the order of 300/min and the ST interval was relatively short. Fig. 5 shows 
the mixture and the individual outputs of the two amplifiers. 
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Fig. 4. Recordings from the central (vagal) end of the left recurrent laryngeal nerve. A, shows 
rhythmic changes in the activity of large fibres due to the discharge of motor fibres to 
abductor muscles during the inspiratory phase of respiration. B, as in A but at about the 

mid-point of the record the left vagus was cut with scissors near the nodose ganglion. There 

was a large outburst of impulses due to the mechanical stimulation of the nerve. C, a re- 
cording immediately after B; groups of impulses synchronous with the pulse may be seen. 

They may also be seen in places in A and B. In this recording the nerve had been dissected 

further to improve the action potential to noise ratio. D, time marker =0-2 sec. 


Fig. 5. Recordings to show the time relationship of the baroceptor impulses to the electrocardio- 
gram. A, the rat electrocardiogram. C, baroceptor impulses recorded in the communicating 
branch (branch 4). D, simultaneous mixture of A and B; the first impulses of the baroceptor 
discharge occur with the 7’ wave. B, time marker =0-2 sec. 
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Localization of the baroceptor endings. Whilst the baroceptor discharge 
picked up in the recurrent laryngeal nerve was being listened to, the aorta 
and nearby structures were explored with an insulated probe. It was found that 
the rhythmic baroceptor discharge could be modified by mechanical stimulation 
of a small zone located either on the ventral surface of the ascending aorta or 
on the aortic arch. The endings gave a slowly adapting response to a steady 
distortion of the aortic wall. 

Experiments on the right side. Only three experiments were performed on 
the right superior and recurrent laryngeal nerves but these gave evidence of 
similar baroceptor fibres. No attempt was made to localize the endings. 

Experiments with the rabbit. Two rabbits were examined but no positive 
evidence of aortic baroceptor fibres in the laryngeal loop was obtained. 


DISCUSSION 

Howell & Huber published the results of a study of the communicating branch 
between superior and recurrent laryngeal nerves of the dog in 1891. They state 
that they were ‘led to take up the investigation in the first place upon the 
supposition that in the communicating branch might be found afferent 
(depressor) fibres from the heart coming up through the inferior laryngeal 
instead of the vagus’. Their experiments showed that stimulation of the 
communicating branch resulted in a rise of blood pressure and they concluded 
that depressor fibres were not present. Lemere (1932) studied the fibre com- 
position of the communicating branch in the dog by histological methods and 
found it to contain sensory fibres from the oesophagus and trachea. Stimula- 
tion of the cephalic stump of the cut nerve produced reflex swallowing and 
signs of pain. This confirms the finding of Howell & Huber to the extent that 
ordinary sensory fibres are present but does not exclude the possibility that 
depressor fibres are present also. There is no need to stress the difficulties in 
interpreting the results of experiments in which mixed nerve trunks are 
stimulated. The electrical results in the present experiments indicate that only 
about a dozen fibres carry baroceptor impulses; therefore their influence on 
the systemic blood pressure could be outbalanced by the stimulation of the 
relatively large number of sensory fibres from the oesophagus and trachea. 
The present results thus confirm the earlier findings that the communicating 
branch contains sensory fibres from the trachea and oesophagus but in 
addition give evidence for aortic sensory fibres which could not be detected 
by the methods previously used. More recently, Widdicombe (1954) has shown 
that the recurrent laryngeal nerve of the cat contains fibres from slowly and 
rapidly adapting tracheobronchial endings. 

From macroscopic dissection, Keng (1893) seaidnid it probable that, in 
the dog, fibres from the communicating branch continued into the cardiac 
branch of the recurrent laryngeal nerve. It was only infrequently found possible 
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to identify the sensory fibres as an anatomical feature in the rat. The separa- 
tion seems usual in the dog (though not in man); thus Lemere (1932) refers 
to the sensory bundle as the pararecurrent nerve. Hammond (1941) described 
in the cat @ nerve which leaves the recurrent nerve close to its junction with 
the left vagus trunk and which joins the terminal branching of the left depressor 
nerve, but it is not clear whether the fibres in this twig turn towards the vagus 
or towards the larnyx. 

In man and in animals part or the whole of the depressor nerve may be 
enclosed for a short distance in the main trunk of the superior laryngeal nerve 
but then separates from it to rejoin the path taken by the cervical vagus 
(Mollard, 1908). It was therefore necessary at the outset of the present set of 
experiments to establish that fibres in the superior laryngeal nerve which dis- 
charged with the pulse did not in fact originate.in the depressor nerve. The 
alternative routes for aortic sensory fibres, either through the vagus or through 
the laryngeal loop fits in with the suggestion of Dilworth (1922) that the 
plexus of nerves in the larynx ‘arose by the larynx separating a strand of 
fibres from the vagus—that this strand is represented by the continuous nerve 
joming the internal and recurrent laryngeal and the separation from this 
strand of further fibres forms the various nerves of the larynx’. 

The present experiments do not furnish any direct evidence as to the function 
of the fibres. Fibres connected to slowly or rapidly adapting sensory endings 
are to be found carrying impulses synchronous with the pulse in many situa- 
tions in the body; for example joint proprioceptor endings in the capsule of 
the knee are occasionally so placed that they respond both to the pulsations 
in an adjacent artery and to deformation of the capsule. In such cases it is 
reasonable to regard the pulse-detecting properties of the ending as accidental 
and unconnected with vascular control reflexes. In those cases, however, as 
in the present instance, where there is no evidence of any other function apart 
from the detection of stretch in the wall of a blood vessel it seems reasonable 
to work on the hypothesis that they have a vasomotive function. If these 
fibres are present and have this function in man it would be interesting to 
know if they play any part in laryngeal vertigo, since giddiness may be pro- 
duced in certain individuals by stimulation of the baroceptor fibres of the 
carotid sinus. 

One consequence of these experiments is that, in the rat at least, a further 
pathway is revealed which must be interrupted in procedures designed to 
isolate the central nervous system from arterial baroceptors. The difficulty of 
producing an effective interruption is well known; thus Youmans, Good & 
Hewitt (1952) have shown that vasopressin slows the heart in the dog through 
the extrinsic cardiac nerves (by an inhibition of the cardiac accelerator 
system) even, amongst other procedures, after section of the sinus nerves and 
bilateral section of the vagi near their entry into the medulla. These results 
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must be explained either in terms of as yet undiscovered baroceptor impulse 
pathways or of some specific inhibitory effect on the cardiac accelerator 
centre. 


SUMMARY 

1. A nervous pathway is described by which, in the rat, nerve impulses 
originating in slowly adapting stretch sensitive endings in the wall of the aorta 
pass through the recurrent laryngeal nerve, the communicating branch and 
the superior laryngeal nerve into the vagus. 

2. Electrical evidence was obtained to confirm earlier reports based on 
histological and stimulation experiments that the communicating branch 
contains afferent fibres from the oesophagus and trachea. 


I wish to thank Prof. G. H. Bell for his interest in this work. 
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IN THE HAND AND HEAT CHANGES IN THE BODY INDUCED 
BY INTRAVENOUS INFUSIONS OF HOT OR COLD SALINE 


By E. 8. SNELL 


From the Department of Medicine, St Mary’s Hospital 
Medical School, London 


(Received 16 February 1954) 


Under what are regarded in temperate climates as comfortable environmental 
conditions, the body temperature is regulated largely by varying the heat lost 
from the skin through regulation of its blood flow. In this regulation two sets 
of receptors seem to be involved, those in the skin or superficial structures and 
those in the deep structures, possibly the brain. That cold applied to the skin 
produces vasoconstriction reflexly was shown by Francois-Franck (1876) and 
confirmed by Pickering (1932). Reflex vasodilatation to heating the skin has 
been demonstrated by Kerslake & Cooper (1950) who have shown that the 
receptors concerned are innervated by fibres travelling through the para- 
vertebral sympathetic ganglia (Cooper & Kerslake, 1953). The existence of 
deep temperature receptors initiating homeostatic cutaneous vascular reflexes 
was demonstrated by Pickering (1932) and confirmed by Gibbon & Landis 
(1932). Although it has been shown in animals that vasoconstriction and 
vasodilatation can be produced by cooling and heating certain parts of the 
hypothalamus, it is not known whether this is the location of the central 
receptors which in man seem to be sensitive to quite small changes in 
temperature. 

The work here described is concerned with the behaviour of the central 
receptors. Its object was to discover to what extent graded changes in blood 
temperature, produced by infusing hot or cold saline intravenously, were 
reflected in corresponding changes in cutaneous vascular tone. 


METHODS 


Litre bottles of pyrogen-free 0-85% NaCl (‘Sterivac’—Allen and Hanbury’s Ltd.) were used on 
all occasions, If temperatures higher or lower than that of the room were required for the in- 
fusions, the bottles were suspended in a thermostatically controlled water-bath, and the tubing 
leading to the intravenous needle was lagged. 

The air inlet of the saline bottle was connected to an air volume recorder which thus measured 
the volume of fluid used at each infusion to +5 ml. No account was taken of differing tempera- 


» 
361 
4 
td 
A 


362 E. 8. SNELL 


tures and pressures in the saline bottle and volume recorder, but the error created by these factors 
was at the most 10%. 

In most experiments two infusion sets were used, one maintained at about 37° C and the other 
at a higher or lower temperature. The tubing from these sets joined close to the intravenous needle, 
together with a third side tube carrying the wires of a copper-constantan thermocouple whose 
junction lay close to the needle. This thermocouple was connected with a sensitive galvanometer, 
a resistance box and a reference junction maintained at a constant temperature near that of the 
room. By this arrangement the temperature of the fluid entering the intravenous needle could 
be measured to +0-1° C. 

When giving an infusion, saline was first run through from the bottle and out of the side tube 
until the desired temperature had been reached. It was then directed into the vein until the 
required amount had been delivered. 

From the known volume and mean temperature of the infusion the induced change in body 
heat was calculated in kcal. Body temperature was assumed to be 37° C and the specific heat of 
the saline to be unity. For example, subject A.G.C, (see Table 1) received an infusion of 400 ml. 
at a mean temperature of 21-75° C. The heat required to warm this infusion to 37° C would 
be (37 21-75) keal. Similarly, with subject R.J.C.C. (see Table 2) who received 
620 ml. at a mean temperature of 44°C; in cooling to 37°C this infusion would liberate 
(44 — 37) x 0-62 =4-3 kcal. Because of small inaccuracies in measurement and in the assumed 
body temperature, heat exchanges of 0-8 kcal or less were regarded as not significant, and 
as constituting control experiments. 

Changes in hand blood flow were followed with Greenfield & Scarborough’s (1949) modification 
of Stewart's (1911) calorimeter containing 3200 ml. water at a temperature of 28-5-34° C. The 
heat elimination was expressed as kcal/whole hand/min. 

The heat elimination from the hand tended to fall slowly owing to the rising calorimeter 
temperature and decreased hand-to-water temperature gradient. Allowance was made for the 
variations in calorimeter temperature by applying the correction suggested by Arnott & Macfie 
(1948) and modified by Cooper, Cross, Greenfield, Hamilton & Scarborough (1949). Arterial blood 
supplying the hand was assumed to be at 36° C (Bazett, Love, Newton, Eisenberg, Day & Forster, 
1948) and the heat elimination was adjusted to be equivalent to that at a calorimeter temperature 
of 31°C. The correcting fraction was therefore 25", where 7 represents the mean calorimeter 
temperature. This correction was not applied to the values for each minute, but to the total 
change in heat elimination, calculated in the manner described in the results. 

The room temperatures were 18-5-24° C with relative humidity 60-73 % for the hot and 21-5- 
27-5° C with humidity 55-76% for the cold infusions. Control over room temperature and 
humidity was very limited but the temperature remained constant within 1° C and the room was 
kept quiet and free from draughts. All experiments were performed between 2-0 and 6-0 p.m. 
during both winter and summer months. Mouth temperature was measured to confirm the 
absence of fever. 

The subjects included three convalescent patients; otherwise they were all healthy men. 

The author performed all the procedures relating to the infusions, whilst an assistant read and 
recorded the calorimeter temperatures, being unaware of any manoeuvres undertaken. The 
subjects were clad in their ordinary clothing without jacket and with both shirt sleeves rolled up. 
In three instances the feet were immersed in hot or cold water in order to bring the initial heat 
elimination from the hand up or down to the level at which vasoconstriction or vasodilatation 
would be most easily demonstrated. 

Two subjects suffered from rigors and fever some hours after the experiment due to the 
accidental introduction of pyrogenic substances. 

In all experiments the subjects had been comfortably seated for }-1} hr before any infusions 
were given. One arm was then supported at about the level of the sternal angle and a large bore 
needle was inserted into a vein in the antecubital fossa. The needle was connected to the infusion 
set and a slow drip of saline begun at about twenty drops a minute. This slow infusion was at 
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about room temperature but the small volumes infused produced negligible changes in body heat. 
The other hand was immersed to the wrist in the calorimeter whose stirrer was then started. Ten 
or more minutes later, calorimeter temperature readings were made at minute intervals, When 
the heat elimination had become stable for 10 min the test infusion was run in at a rate of 80- 
265 ml./min over 1-4 min, its temperature and its total volume being measured throughout. The 
slow drip at room temperature was then resumed and later, when the heat elimination had again 
become stable, a further rapid infusion at a different temperature was given in the same manner. 
As a rule one infusion was at about 37° C and others at a higher or lower temperature. The order 
in which these were given varied and did not seem to affect the results. 


RESULTS 
Cold infusions. Fig. 1 illustrates the effects of a cold and a control infusion. 
At the 28th min the cold infusion was begun, 400 ml. saline at 20° C being 
delivered in 2 min. The heat elimination fell to half the basal level and 
returned to it after 16 min. The control infusion was started at the 60th min, 
380 ml. being delivered at 36° C in 2 min. The heat elimination again fell but 
for only 7 min. 


400 
O3r 


20 30 40 50 60 70 
Minutes 


Fig. 1. Subject L.C. 27. ii, 52. The heat elimination from the right hand in response to a cold 
saline infusion into the left arm at the 28th min, and a control infusion at the 60th min, each 
lasting 2 min. The lower dotted lines represent the average levels during the responses; the 
continuous horizontal lines show the average levels before and after the responses and the 
upper dotted lines are their means. The areas between the dotted lines represent the responses 
quantitatively in kcal. 


This figure also shows the method chosen for measuring these responses. 
The duration of the response was taken to be the interval elapsing between the 
change in heat elimination following the infusion and its return to a fairly 
stable level; the average heat elimination was calculated for this period (the 
lower dotted lines in Fig. 1). The average heat elimination was then found for 
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the periods each of 5-10 min preceding and following the response (the con- 
tinuous lines), the mean of these two being calculated (the upper dotted lines). 
It was assumed that the heat elimination would have been at this mean level 
if no interference had been made; thus the response is represented quanti- 
tatively by the difference between this level and the observed level (the area 
between the dotted lines). The measurement is therefore the total reduction in 
heat elimination in kcal from the whole hand. The response to the control 
infusion has been calculated similarly in Fig. 1 which shows one of the largest 
responses from a control infusion. This subject also showed the largest 
spontaneous fluctuations, which were observed in a lesser degree in most cases. 


Tasxez 1, The change in heat elimination from the hand in response to intravenous infusions 
of saline at 18-34-2° C. The text describes the methods used for measuring the changes in 
body heat and in the heat elimination. 


Infusion of hand 
Induced Size of Room 
Volume Rate heat change Duration response temperature 

Subject (ml.) (ml./min) (keal) (min) (keal) (° C) 
A.G.C. 400 80 -61 12 1-38 22-5 
400 200 6-8 16 — 1-76 2445 
L.C. 160 160 4 — 0-30 24-25 
530 175 -9-0 10 —1-18 25-5-26°5 
LA.K. 400 200 ~76 15 ~— 1-76 25-5-26°5 
J.A.L. 380 190 —6-3 ll —1-31 26-5-27°5 
P.J.B. 300 150 — 5-1 10 — 0-65 25-5-26-5 
A.E.P. 270 120 —3-8 4 0-58 21-5 22 
A.R.G. 330 165 -48 15 ~0-57 24 
M.J.P.B. 330 150 - 4-4 ll -0-51 24-5 
D.G.T 310 155 13 
G.E.S 400 220 6-0 12 -1-74 23-5-24 
P.A.O 260 85 -3-8 5 — 0-57 
P.A.O 260 105 —3-8 7 — 0-60 23 
P.A.O 300 110 —43 Sustained fall 23 
8.B.C 410 160 — 2-8 Sustained fall 
J.Mc.K. 410 205 —1-2 Sustained fall 21-5-22 
A.H.W 350 120 -49 Sustained fall 24-5 
A.H.W 130 130 24-5 


In relating the total change in body heat to the size of the response, sdme 
account must be made of the difference in size of the subjects. The heat 
change was calculated in the manner previously described. Since hand size 
bears some relation to body size, the response was expressed as explained above, 
for the whole hand, rather than in terms of a fixed volume. The response is 
therefore that from a relatively constant proportion of the surface area of the 
body. The response, measured in this way, was adjusted to take account of the 
calorimeter temperature by applying the correction previously described. The 
result of applying the correction te the whole response is not materially 
different from applying the correction to the heat eliminated in each minute. 

The responses to the cold infusions are summarized in Table 1. In fourteen 
experiments on twelve subjects a transient fall in heat elimination occurred 
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similar to that shown in Fig. 1. The fall in heat elimination began in the Ist min 
of the infusion in seven, in the 2nd min in four, in the 3rd min in three. On the 
whole the fastest responses were with the quickest infusions and the highest 
initial rates of heat elimination. The duration of the response was related to 
the size of heat change induced rather than to the duration of the infusion. 
In four experiments on four subjects the heat elimination fell with the infusion 
but the fall was sustained. The fall was 0-06 keal/min in one, 0-09 in one and 
0:10 in two of these experiments. 


Sec. 
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Fig. 2. Subject R.J.C.C, 20. iii. 52. The heat elimination from the left hand in response to a hot 
saline infusion into-the right arm at the 15th min and a control infusion at the 35th min, each 
lasting 34 min. The rise in heat elimination is measured as in Fig. 1. 


The initial levels of heat elimination were 0-10-0-30 kcal from the whole 
hand/min; in one of two experiments with the lowest initial value no response 
occurred to a cold infusion: in this experiment the induced heat change was 
also comparatively small. 

Hot infusions. Fig. 2 shows an example of a hot infusion in which the 
response has been measured by the methods already described for cold in- 
fusions. In this case the response was a rise of heat elimination which began 
during the infusion and lasted 12 min. The control infusion produced no 
detectable response, the heat elimination pursuing its usual slow decline 
without interruption. 

The responses to the hot infusions are summarized in Table 2. In fourteen 
experiments on twelve subjects, hot infusions produced transient vasodilata- 
tion im the hand similar to that shown in Fig. 2. None of these began in the 
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1st min of infusion. Three began in the 2nd min, six in the 3rd, two in the 4th 
and three in the 5th. On the whole the quickest infusions produced the 
quickest responses. In five experiments on four subjects, the heat elimination 
was unchanged; the induced heat change was mostly smaller in this than in 
the preceding group of experiments, and in one of these the infusion was 
very slow. Finally, in two experiments on the same subject there was a 
transient fall; in both of these the induced heat change was comparatively 
small. Four subjects received two infusions and in all cases the types of 


Taste 2. Heat elimination from the hand in response to intravenous infusions of saline at 
40-46° C. The text describes the methods used for calculating the induced heat changes and 


the responses. 
Vasomotor response 
Infusion of hand 

Ee Induced Size of Room 

Volume Rate heat change Duration response temperature 
Subject (ml.) (ml./min) (kcal) (min) (kcal) (°C) 
R.J.C.C. 620 180 +43 12 23-2 
D.K.M.T 480 160 +29 8 +0-30 22 
8.B.C. 430 170 +2-4 6 +0-43 
J.K.McK, 380 190 +2-7 8 +0-60 21-5-22 
J.K.McK. 230 190 +1-7 4 +025 21-5-22 
C.J.M. 380 190 +2-7 10 +0-22 20-5 
G.E.S. 480 240 +3-6 8 +0-90 22 
F.M.H. 550 220 +3-6 7 +0-90 18-5-19-5 
D.J.D. 400 265 +3-6 9 +0-32 18-5 
N.E.R. 400 200 +3-0 8 +045 19-19-5 
A.D.F.H. 550 180 +3-8 6 +0-38 21-5 
W.LC. 760 220 +6-4 10 +15 20 
W.LC. 725 210 +61 8 +15 21 
N.L.J. 650 160 +49 8 +12 21 
T.J.R. 370 185 +18 No change in #.2.* 23-23-5 
T.J.R. 300 200 +16 o change in H.z. 23-23-5 
R.M.L. 350 175 No change in 
A.E.P. 400 115 +2-7 o change in H.R. 21-5—22 
A.R.G 310 205 No change in 4.2. 
A.D.D. 350 175 +18 -0-19 23 
A.D.D 300 100 +09 — -0-19 23 


response were the same on the two occasions; in W.I.C. the induced heat 
changes were nearly the same, 6-4 and 6-1 kcal, on the two occasions in which 
the responses were identical at 1-5 kcal/whole hand. D.J.D. received the 
hottest infusion at 46° C and experienced pain in the antecubital fossa; he had 
a relatively small response in view of the magnitude of the stimulus. 

The initial levels of heat elimination before the hot infusions were 0-01- 
0-17 keal from the whole hand/min. 

Control infusions. Twenty-four infusions of 130-640 ml. saline at 35-5-39° C 
were given at rates of 100-245 ml./min to nineteen subjects. The heat change 
induced varied from +0-7 to —0-6 kcal. Ten showed no change, eight showed 
a transient fall of 0-13-0-47 kcal/whole hand, and six showed a small sustained 
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fall such as was often seen without infusions. Five subjects received two 
infusions; one showed no change on both occasions; the other four a variable 
response. There seemed to be no relationship between the volume of the 
infusion or the direction and magnitude of the heat change and the type of 
response. All but one recognized that the infusion was running in, several 
experiencing a sensation of warmth. The frequency of slight vasoconstrictor 
responses may be interpreted as being due to the sensory and emotional 
happenings. In comparison with the hot and cold infusions the responses to 
infusions of similar volume and rate at about body temperature were incon- 
stant, small and never dilator. The differences must be due to the temperature 
changes induced by the hot and cold infusions. 


Exclusion of sensations from the skin as a cause of these responses 

During the hot and cold infusions all subjects experienced a sensation of 
warmth or coldness over the inner aspect of the upper arm, sometimes as far 
as the lateral wall of the axilla, and lasting during, but not beyond, the infusion. 
With the biggest cold infusions there was also a slight sensation of cold in 
the forearm. In order to decide the extent to which the responses described, 
and summarized in the tables, were due to the superficial sensations, control 
experiments were performed. A hollow metal jacket shaped to fit was applied 
to the inner aspect of the upper arm and water at the same temperature as the 
infusions circulated through it for a similar length of time. Examples of the 
results are shown in Figs. 3 and 4. Heating the skin gave no vasodilator 
response in six experiments on three subjects. Cooling the skin gave either 
a very small transient vasoconstriction, or a response no greater than that 
evoked by the jacket at 37°; these transient vasoconstrictor responses varied 
in size from 0-10 to 0-61 keal/whole hand in eight experiments on three sub- 
jects. The sensations evoked by heating or cooling the jacket were in all 
subjects at least as great as those accompanying the hot and cold injections. 
It can be inferred therefore that the vasodilator responses to the hot infusions 
were due entirely to the heat change evoked by the infusions themselves and 
not to sensations from the skin. With the cold infusions, however, a part of 
the response may have been due to stimulation of receptors in the skin. 


Relationship between the induced heat change in the body and the size of 
the response in the hand 

Fig. 5 relates the size of the induced heat change in the body to the response 
of the hand. The individual responses to all hot and cold infusions are shown, 
except for four cold infusions in which the heat elimination fell and did not 
recover; these are excluded because the size of the response could not be 
measured. All infusions in which the induced heat change was 0-8 kcal or less 
have been included in the control group and are omitted from this figure. 
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Taking first the hot infusions it is seen that an approximately linear relation- 
ship exists between the heat change induced and the response in the hand. The 
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Fig. 3. Subject R.J. 18. iii. 58. The heat elimination from the left hand in response to applying 


a cooled metal plate to the inner aspect of the right upper arm for 2 min from the 12th min, 
3 min from the 24th min and 2 min from the 42nd min. 
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Minutes 
Fig. 4. Subject W.B. 14. v. 52. The heat elimination from the left hand in response to applying 
a metal plate, either cold or at body temperature, to the inner aspect of the right upper arm. 
Durations were for 3 min from the 7th, 19th and 31st min, and for 2 min from the 44th min. 


correlation coefficient is +0-927, P<0-001. The linear regression of the 
response on the heat change has been calculated and is shown on the diagram 
together with the 95% confidence limits. The formula for the regression line is 


Response = 0-333 x heat change —0-54, 
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where the response is +-keal from the whole hand at a calorimeter temperature 
of 31° C and the heat change is +kcal. 

In the case of the cold infusions there is again an approximately linear 
relationship, although the scatter is greater. The correlation coefficient is 
+0-816, P<0-001. The regression line and 95° confidence limits are shown 
for these experiments. Calculation of linear regression gives the following: 

Response = 0-236 x heat change + 0-256, 


Fig. 5. The responses in heat elimination from the whole hand measured, as shown in Figs. 1 and 2 
and corrected as described in the text, are plotted against the size of the heat changes induced 
by the hot and cold infusions. Four cold infusions, in which the responses could not be 
measured, and the control experiments, are omitted. The linear regression lines for response 
on heat change are depicted with their 95% confidence limits. 


with units as before except that the response and the heat change are — kcal. 
The slopes of the regression lines for heating and cooling do not differ 
significantly (0-1 > P > 0-05). 

With both the hot and cold infusions the size of the response was related 
to the volume of the infusion only in so far as this varied with the heat change. 
Similarly, the duration of the response was determined by the size of the heat 
change induced and not by the duration of the infusion. 


DISCUSSION 
The original purpose of these experiments was to see whether there was any 
quantitative relationship between an induced positive or negative heat change 
in the body and the vasomotor response in the hand. If this were so then the 
method might be useful in studying the mechanism of fever, for understanding 
of 7 common disturbance has been much impeded by lack of quantitative 
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methods. This paper has shown that even in the absence of rigid control of 
environmental temperature and humidity such a quantitative relationship 
can be demonstrated. 

The interpretation of these results is comparatively simple in the case of the 
hot infusions where it has been shown that skin stimuli play no part. The 
relationship between the induced heat change and the vasomotor response 
of the hand presumably reflects the activity of the central temperature recep- 
tors and their reflex effects. In the case of the cold infusions the situation is 
more complicated because of the probability that part of the response arises 
from receptors in the skin, or from other sensory disturbances such as those 
occurring during the control infusions. Nevertheless, it would seem from the 
small size and inconstancy of the responses to similar skin stimulation, from 
the high correlation between induced heat change and vasomotor response and 
the general similarity in the slope of the regression line to that with hot 
infusions, that the responses to the cold infusions may also largely reflect the 
activities of the central receptors. 

The sites of these central receptors remain unknown. Numerous workers 
have claimed that cold receptors exist in the hypothalamus but to demon- 
strate their presence in animals large stimuli have always been used. Strom 
(1950), directly cooling all parts of the brain of anaesthetized cats, failed to 
produce a cutaneous vasoconstriction. Cooling the carotid artery by an un- 
specified amount provoked a vasoconstriction for which cold receptors in the 
face were held to be the probable mechanism. 

Most animal experiments in which parts of the brain have been heated used 
gross stimuli, but Folkow, Strém & Uvnas (1949) produced a cutaneous vaso- 
dilatation in anaesthetized cats by heating a localized part of the hypothalamus 
by 0-5° C. 

Fig. 5 gives some indication of the sensitivity of the central mechanism. 
With the exception of a slow infusion giving 2-7 kcal, hot infusions inducing 
heat changes of 2-4 kcal or more always produced a vasodilatation. These 
observations tally with those of Pickering (1932) who, heating the body by 
immersing an arm in hot water, found that heating by 2-3-2-6 kcal produced 
a vasodilatation. Pickering’s (1932) calculations assumed that the heat change 
was uniformly distributed to all the tissues of the body. However, it is unlikely 
that added heat is distributed equally and theoretical calculations of changes 
in body temperature must be treated with the greatest reserve. In Fig. 5 the 
regression line for the hot infusions intercepts the abscissa at + 1-6 kcal. 
Assuming equilibration with at least a blood volume of 5 1., this induced heat 
change would raise blood temperature 0-3° C. This probably underestimates 
the sensitivity as, although the calculated heat change may be too small the 
extent of mixing is almost certainly greater than assumed. 

It is much more difficult to define the sensitivity to cooling since the vaso- 
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constrictor responses to cold infusions are not entirely due to the activity of 
the central receptors. Cooling by 1-7 kcal failed to produce a vasoconstriction, 
but cooling by 3-8 kcal or more always provoked a response greater than from 
the control infusions. The sensitivity may therefore be within this range. 
Pickering (1932), by immersing an arm in cold water, found that cooling the 
body by 1-3 kcal produced a vasoconstriction. In Fig. 5 the regression line for 
cooling intercepts the abscissa at —1-1 kcal. Assuming this to be the smallest 
effective heat change, if its distribution were confined to 5 1. of blood the blood 
temperature would fall by 0-2° C0. This calculation also must considerably 
underestimate the true sensitivity. 

Further studies have shown that these changes in heat elimination from 
minimal hot and cold infusions are always accompanied by measurable changes 
in mouth temperature, (Gerbrandy, Snell & Cranston, unpublished), More- 
over, the temperature change persists through most of the period of the vaso- 
motor change which accounts for the continuation of the response for some 
minutes after the end of the infusion. 

The vasomotor changes in the hand are mediated through the sympathetic 
nerves (Lewis & Pickering, 1931). Owing to the large number of arteriovenous 
anastomoses in them (Grant & Bland, 1931), the hands play a most important 
role in the regulation of body temperature (Grant & Pearson, 1938). Vaso- 
motor changes in other parts of the skin therefore will not be as great as here 
observed in the hand. It must also be remembered that the hand was im- 
mersed in water and had a heat loss considerably greater than in air. For this 
reason calculation cannot be made of the proportion of the induced heat change 
compensated by the hand alone under ordinary conditions. Fig. 5 indicates 
this proportion for the hand in water at 31° C. 


‘SUMMARY 

1. Heat changes have been induced in the body by mfusing intravenously 
known volumes of saline at known temperatures and at known rates. The 
vasomotor responses were observed calorimetrically in the hand. 

2. Hot infusions produced vasodilatation and cold infusions vasconstriction 
in the hand. Infusions at body temperature and heating or cooling the skin 
over the upper arm produced either no response or vasoconstriction; when 
vasoconstriction occurred it was less than that induced by cold infusions. 

3. There is a highly significant correlation between the size of the induced 
heat change and the size of the vasomotor response of the hand. 

4. These responses are probably in the main mediated through deeply 
situated temperature receptors. 

I am indebted to Prof. G. W. Pickering for his continued interest and help. My thanks are 


also due to W. Brough and W. Cook for valued technical assistance, to the subjects for their 
willing service and to Dr 8. Rowlands for helpful criticism. 
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It has been shown previously (Duke, 1951; Nisell, 1948, 1950) that ventilation 
of isolated perfused cat lungs with gas mixtures containing a lower O, content 
than atmospheric air produces an increase of pulmonary arterial pressure. 
Further analysis of the pressor response (Duke & Killick, 1952a) showed that 
it was apparently dependent on changes in the O, tension of the blood in the 
pulmonary vessels or in the alveolus and that changes in the blood O, content 
were unimportant. Later (Duke & Killick, 19525), it was found that lowering 
the alveolar O, tension or the O, tension of the pulmonary venous blood was a 
more effective way of influencing the pulmonary arterial pressure than lowering 
the O, tension of the blood in the pulmonary artery. The present experiments 
were carried out to locate more accurately the site of action of anoxia on the 
pulmonary blood vessels of the isolated lung. Experiments were also made 
using the perfused left lung in the living anaesthetized animal in order to see 
whether anoxic pressor responses occur under more normal conditions than 
those of the isolated lung. The perfused left lung preparation allows a more 
precise control of pulmonary circulation than was possible in the experiments 
of Euler & Liljestrand (1946). 
METHODS 

Isolated cat lungs were set up and perfused through the pulmonary artery with the animal’s own 
heparinized blood as previously described (Duke, 1951). Perfusion was at constant volume inflow 
with a Dale-Schuster pump. The venous outflow from the lungs was collected into a venous 
reservoir which fed the pump. Ventilation was by positive pressure using a Starling ‘Ideal’ pump. 
In some experiments the positive pressure inflation was kept at a constant value, usually 10-12 cm 
H,0, and the volume of air not entering the lungs at each stroke of the pump was measured by 
the method of Konzett & Réssler (1940). This procedure gives a measure of the resistance of the 
lungs to inflation. Dextran (‘ Intradex’ Glaxo) was occasionally used to augment the blood obtained 
from the animal. The pulmonary arterial pressure was recorded using a small capacity tambour 
and could also be read on a manometer filled with 0-9% NaCl solution. The capacity of the 
pulmonary arterial pressure recording system was such that 0-1-0-3 ml. of ood were tele up 
in it for each centimetre rise in pressure. 
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For the cross-perfusion experiments two pairs of lungs were independently perfused and 
ventilated. At any moment cross-perfusion could be started by connecting the venous reservoir 


collecting the outflow from lungs 1 to the pump perfusing lungs 2, and vice versa (Fig. 1). One 


++X 


Sa 
P.A: of 1 L.A. of 1 AS, PA. of 2 ~ LA. of 2 


Lungs 1 Lungs 2 


Fig. 1. Arrangement of perfusion circuit for cross-perfusion. Two pairs of isolated lungs from two 
animals were set up. Perfusion was either independent (solid lines in Fig.; Y closed and X 
open) or, when cross-perfusion was carried out, the tubing from the left auricular cannula of 
each lung was transferred to the reservoir which fed the pump supplying the pulmonary 
artery of the other lung (dotted lines in Fig.; Y open and X closed). V.R., venous reservoir; 
D.S., Dale-Schiister pump; P.A., pulmonary artery; L.A., left auricle. Arrows show direction 
of blood flow through the pump. 


P.A. 


Lungs 


Fig. 2. Arrangement of perfusion circuit for back perfusion. One pair of isolated lungs was used. 
For forward perfusion X was closed and Y open; for back perfusion Y was closed and X 
open. For key, see Fig. 1. 


pair of lungs could thus be used either to oxygenate or partially deoxygenate the blood which was 
perfused through the other pair of lungs. 


Isolated lungs were also perfused either through the artery or through the pulmonary veins via 
the left auricle. In these ‘back perfusion’ experiments ‘T’ pieces on the tubing connected with the 
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arterial and left auricular cannulae were arranged so that a single pair of isolated lungs 
could be perfused either through the pulmonary artery or through the cannula in the left auricle. 
In the latter arrangement the outflow was collected from the cannula inthe pulmonary artery 
(Fig. 2). 

The perfused left lung preparation was made using, essentially, Daly’s technique (Daly & Duke, 
1948). Cate weighing 2-4 kg were anaesthetized with chloralose (0-1 g/kg) intraperitoneally. The 
trachea was cannulated and the blood pressure recorded from the right femoral artery with a 
mercury manometer. The chest was opened along the mid-line of the sternum and held widely 
retracted. Ventilation was by positive pressure. Bleeding points were secured and the internal 
mammary arteries ligated. Oxycel (Park, Davis and Co.) was used to help to control oozing of 
blood from the out edges of the sternum. Heparin (1000 i.u./kg, ‘Liquemin’, Roche) was sub- 
sequently injected intravenously to prevent coagulation of the blood. In some experiments about 
40 ml. blood was withdrawn from the animal into 500 i.u. heparin to fill the pump and its con- 
nexions, and the animal’s blood volume was afterwards restored with Dextran. In other experi- 
ments the pump was filled with warm Dextran just before starting the final stages of the dissection. 
The pericardium was opened and the right auricle cannulated. The left pulmonary artery was 
cleared intrapericardially and ligated. A cannula was placed in the left pulmonary artery and 
perfusion of the left lung carried out at constant volume inflow using a Dale-Schuster pump which 
obtained its blood from the right auricle. The period of interruption of the pulmonary circulation 
through the left lung was sometimes as short as 1 min. The left auricle was cannulated and measure- 
ments made of left auricular pressure using a saline manometer (2-0 mm in diameter). Records 
of the left auricular pressure were made with a 1-5 ml. or a 2-5 ml. volume recorder attached to the 
top of the manometer, Frequent readings of the pulmonary arterial and left auricular pressures 
were made during all experiments by recording the fluid levels in the manometers. The manometer 
zeros were taken approximately at the level of the pulmonary artery. In some experiments the left 
auricular pressure was kept at a constant value by attaching the left auricular cannula to a 
reservoir, 5 cm diameter, filled with 09% NaCl solution. The level of saline in the reservoir was 
approximately 4-10 cm above the mitral valve. 

Changes in the ventilating gas mixture in all types of experiment were made by attaching a 
Douglas bag filled with the appropriate mixture to the input of the Starling pump. The gas 
mixtures were from cylinders supplied by the British Oxygen Company. Blood gas analyses were 
made by the method of Peters & Van Slyke (1932) using the manometric technique. Haemoglobin 
estimations were done using a Haldane haemoglobinometer. Blood O, saturation was calculated 
approximately from the Hb concentration and O, content assuming that 1 g haemoglobin com- 
bines with 1-34 ml, O,. The values for blood O, saturation were probably correct to within 5%. 


RESULTS 

Left lung perfusion experiments 
The lungs were ventilated with mixtures of N, and O,, containing a lower 
percentage of O, than in atmospheric air, for periods of 1-5 min. In twenty- 
three tests in six preparations (see Table 1) the left pulmonary arterial pressure 
rose on changing the ventilating gas from atmospheric air to 5% O, in Ng. 
The pressor response was apparent after a latent period of 20-30 sec and had 
usually reached either an asymptote or an apparently maximum value in 
2-4 min. The pressor effect of anoxia on the pulmonary circulation occurred 
during a rise or a fall of systemic arterial pressure (compare Figs. 3 and 4) so 
that it is unlikely that changes in systemic blood pressure could have been 
responsible for the response. Preliminary experiments in which the left 
auricular pressure was measured showed that this often changed during anoxia. 


- 
4 
5 
« 
‘7 
; 


376 HELEN N. DUKE 


In further tests the left auricular pressure was compensated (see Methods), 
and marked changes in pulmonary arterial pressure still occurred in response to 
anoxia (see Fig. 4). Records of the left auricular pressure changes were made 
in fourteen tests in which the ventilating gas mixture was changed from air to 
5% O, in N, (see Table 1). In only one of these was the change in left auricular 
pressure great enough to have accounted wholly for the change in pulmonary 
arterial pressure. In some experiments the positive pressure inflation was 


Taste 1. Left lung perfusion experiments. Tests with 5% O, in N, (from air) 


Time We ma Change 
beginning ean .p. change. crease in mean 
onto Duration Actual cm saline inmeans L.A.p. 


Cat wt. test of —— P.A.p. (cm 
Date (kg) (hr min) (min sec) Before After (cm zaline) saline) 
10. vi. 52 3-4 1 50 2 20 22 23-5 1-5 0 
2— 2 40 24-2 26-1 19 0 
20, vi. 52 3-2 — 16 1 — 23-5 32 8-5 a 
— 2 1 — 23-5 32 8-5 +0°5 
ee 1 4 25-5 32 6-5 +0°5 
1 20 — 25-5 30 4:5 
1 35 i— 24-75 30 5-25 — 
1 50 — 26 29-5 3-5 
z2— 1 — 24-25 30 5°75 +70 
2 15 i — 25-75 30-5 4-75 +15 
“2 2 — 26 30-5 4-5 +20 
2 35 l1— 27 31 4-0 
2 50 l1— 26-75 32 5-25 
2 59 1— 26-5 32 5-5 
— 27 31 4-0 
27. vi. 52 2-4 3; — 2— 25 26-5 1-5 -10 
25. vii. 52-25 2— 22-5 28-5 6-0 
1 10 2 — 27 37-5 10-5 — 
2 10 2— 27 28 10 _— 
15. x. 52 2-8 — 15 2 40 25-6 29-1 3-5 — 
11, vi. 53 4-25 1 — 2 Ww ~ 20 23 3-0 0 
1 45 2 20 20-5 22 16 0 
2 4i1 3 10 17 24 7-0 0 


kept at a constant value (usually 10-12 cm H,O), and the overflow volume 
from the lungs at constant stroke volume recorded by the method of Konzett 
& Réssler (1940). In these experiments the increase in pulmonary arterial 
pressure caused by anoxia occurred irrespective of changes in tidal air (Fig. 3). 

On ventilating the lungs with air after 5% O, in N, the pulmonary arterial 
pressure rapidly returned to its control value. 

In an attempt to assess the sensitivity of the pulmonary blood vessels to O, 
lack other mixtures of O, and N, were tested. 7% O, in N, caused a rise of 
pulmonary arterial pressure in three of three tests in one preparation; 10% O, 
in N, caused a pressor response in three of four tests in two preparations; 
16% O, in N, was without effect in three of three tests in one preparation. 


TY 


P.A.p.=pulmonary arterial pressure. L.A.p.=left auricular pressure. 
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This latter preparation was, however, sensitive to subsequent tests with 
7% Og in Ng. 


Fig. 3. Experiment, 30. v. 52. Cat, 4-0 kg. Chloralose anaesthesia. Left-lung perfusion begun 
12.35 hr. Constant positive pressure ventilation at 12-0 om H,O. Respiration pump 150 ml./ 
stroke. Ventilation with air. 13.40 hr 10% O, inhaled during signal. 7'.A.0., tidal air over- 
flow volume B.P, =systemic blood pressure; P.A.p., pulmonary arterial pressure. 

Fig. 4. Experiment, 11. vi. 53. Cat, 4-25 kg. Chloralose anaesthesia. Left-lung perfusion begun 
13.00 hr. Left auricular pressure compensated. Ventilation with air. 15.41 hr 5% 0, in N, 
ventilated during signal. L.A.p., left auricular pressure. 


Cross-perfusion expervments 

The results obtained in two separate experiments in each of which two pairs 
of isolated perfused lungs were used are shown in Figs. 5 and 6. When these 
preparations were entirely independent as regards circulation and ventilation, 
changing the ventilating gas mixture from air to N, produced a pulmonary 
arterial pressor response which was reversed on reventilating with air (Figs. 5 A 
and 6.4). When the circulations were crossed so that the venous outflow from 
one pair of lungs was pumped into the pulmonary artery of the other pair of 
lungs a pulmonary arterial pressor response only occurred in the lungs which 
were inhaling N, and not in the lungs which were being perfused with blood 
of a lowered O, saturation. In Fig. 5 B, two pairs of lungs were cross perfused. 
In the first test shown the blood entering the first pair of lungs was approxi- 
mately 66% saturated with O, and the blood leaving the lungs was 100% 
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saturated with O,, but no pulmonary arterial pressor response occurred. In 
the second test (Fig. 5B) the blood entering the pulmonary artery of the 
second pair of lungs was 65% saturated with 0, but no pulmonary arterial 
pressor response occurred. 


Fig. 5. Pulmonary arterial pressure records from two pairs of isolated perfused lungs. Lung 2 
(upper record), lung 1 (lower record). Ventilation with air, teste with N, during signal. 
A. Cireulations independent. 12.34 br, lung | ventilated with N,. 13.10 hr, lung 2 ventilated 
with N,. 3B. Circulations crossed. 13.53 hr, ventilation of lung 2 with N,, lung 1 with air. 
14.04 hr, ventilation of lung 1 with N,, lung 2 with air. O, saturation of P.A. blood: at 
13.56 hr = approx. 66% in lung 1, 100% in lung 2; at 14.07 hr =65 % in lung 2. 


Fig. 6. Pulmonary arterial pressure records from two pairs of isolated perfused lungs. Lung | 
(upper record), lung 2 (lower record). Ventilation with air, tests with N, during signal. 
A. Cireulations independent. 13.40 hr, ventilation of lung 2 with N,. 13.45 hr, ventilation of 
lung | with N,. Band C. Circulations crossed. 14.00 hr ventilation of lung 2 with N, and 
lung | with air. 14.12 hr, ventilation of lung 1 with N, and lung 2 with air. 
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A similar experiment is shown in Fig. 7 in which two pairs of isolated lungs 
were cross perfused. Both lungs were initially ventilated with air. Perfusion 
of lung 1 with partially deoxygenated blood by ventilation of lung 2 with N, 
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was not followed by a pressor response in lung 1. But ventilation of lung 1 
with N, during perfusion with partially deoxygenated blood did cause a 
pulmonary pressor response. In each lung the pulmonary arterial pressure 
returned to its initial level on substituting air for N,. 


2 3 4 


Fig. 7. Pulmonary arterial pressure records from two pairs of isolated perfused lungs. Lung 2 
(upper record), lung 1 (lower record). Circulations crossed. Ventilation with air. Lung 2 
ventilated with N, between Ist and 4th arrows. Lung 1 ventilated with N, between 2nd and 
3rd arrows, 


Back perfusion experiments 

In three experiments the apparatus was set up so that the lungs could be 
perfused either through the cannula in the pulmonary artery or through the 
cannula in the left auricle. With the latter arrangement the perfusion pressure 
was recorded in the usual way through a ‘T’ piece on the left auricular cannula. 
Fig. 8 shows three tests made on one pair of lungs. In A and C the perfusion 
was through the left auricle and in B the perfusion was through the pulmonary 
artery. The pressor response to anoxia is very similar as regards latency, 
duration and magnitude whether perfusion is made through the artery or the 
left auricle. 

A record is also shown in Fig. 8 of the volume change in the venous reservoir 
during ventilation of the lungs with N,. If the volume inflow to the lungs 
remains constant this should indicate inverse changes in lung blood volume. 
The slight decrease in reservoir volume accompanying these tests is not more 
than might be accounted for by increase of fluid in the manometer and tambour 
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as a result of the change in pulmonary arterial pressure and does not indicate 
therefore a change in lung blood volume. 


Fig. 8. Isolated perfused lungs. Ventilation with air; N, ventilated during signal. A, 14.22 hr, 
back perfusion through L.A. B, 14.29hr, forward perfusion through P.A. C, 14.39 hr, 
back perfusion through L.A. V.R.=volume of blood in venous reservoir. 


DISCUSSION 
These experiments suggest that, in the cat, inhalation of gas mixtures con- 
taining a lower O, content than in atmospheric air, causes increased resistance 
in the pulmonary circuit of the living animal as well as in isolated perfused 
lungs (Duke, 1951; Nisell, 1948, 1950). Such a suggestion was originally put 
forward by Euler & Liljestrand (1946) and supported by Logaras (1947) but 
their experiments did not control possible changes in cardiac output. In the 
experiments now described the left lung was perfused at constant volume 
inflow and the left auricular pressure was sometimes maintained at an approxi- 
mately constant value, so that the pressor responses could not have been due 
either to back pressure effects from the left auricle or to an increased right 
ventricular output. Even when a rise in left auricular pressure was recorded 
during the anoxic period it was usually small and not sufficient to account for 
the change i in pulmonary arterial pressure. Changes i in systemic blood pressure 
or tidal air were not constant during the anoxic periods so that it is unlikely 
that the rise in pulmonary arterial pressure could have been due to these 
variables. Under the conditions of these experiments an increase of pulmonary 
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arterial pressure is probably caused by vasoconstriction occurring somewhere 
in the pulmonary vascular bed. The possibility that vasodilatation also con- 
comitantly occurs in the pulmonary vessels cannot be excluded. It is also 
possible that the bronchial vessels may be affected. 

Direct: proof that the mechanism of the pressor response to anoxia is the 
same in the isolated lung as in the perfused left lung has not been obtained, 
but the response is similar as regards latency, duration and magnitude in the 
two preparations. 

The tests on cross-perfused and back-perfused isolated lungs were carried 
out to help to identify the vessels which respond to anoxia. It has already been 
found (Duke, 1951) that ventilation of isolated lungs with N, to produce an 
approximately 60% O, saturation of the pulmonary arterial and venous blood 
causes a rise of pulmonary arterial pressure. The present experiments show 
that in lungs ventilated with air, perfusion through the artery with blood 
which is approximately 60% saturated with O, does not cause a pulmonary 
arterial pressor response but that ventilation of the lungs with N, during 
perfusion with partially deoxygenated blood does produce an increase of 
pulmonary arterial pressure. Provided gas exchange only takes place in the 
alveolar capillaries these findings would indicate that the site in the pulmonary 
vascular bed sensitive to oxygen lack is in the capillaries or veins. When per- 
fusion was made through the vein and the lungs were ventilated with N, a 
pulmonary arterial pressor response occurred which was very similar to that 
obtained during perfusion of the lungs through the artery. It would therefore 
appear that the alveolar capillaries are the site sensitive to anoxia, but further 
experiments are being done to obtain more information on this point. 

The findings are not inconsistent with the hypothesis that vasoconstriction 
also occurs at a point distant to the sensitive area. 

Under normal physiological conditions the pulmonary arterial blood is 
partially deoxygenated so that it is not therefore surprising that perfusing the 
isolated lungs with olood which was 60% saturated with O, produced no 
pulmonary pressor response. This saturation would occur at a pO, of approxi- 
mately 50 mm Hg (Lester & Greenberg, 1944), which is within a physiological 
range for mixed venous blood. In this respect the results confirm those of 
Hall (1953) which were published after completion of the present series. 
Nisell (1951) showed that perfusion of cat isolated lungs through the pulmonary 
artery with partially deoxygenated blood produced a decrease in pulmonary 
arterial pressure. Values for the changes produced in blood O, saturation or 
tension in his experiments are not available so that it is not clear whether this 
can account for the variation in results. 
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SUMMARY 

1. Inhalation of gas mixtures containing 5-10% O, in N, instead of atmo- 
spheric air causes a rise of left pulmonary arterial pressure in the living animal 
during perfusion of the left lung at constant volume inflow with blood from 
the right auricle. 

2. This response is not dependent on changes in left auricular pressure, 
tidal air or systemic blood pressure. It is similar in duration, and latency to 
that occurring in isolated lungs perfused at constant volume inflow. 

3. Perfusion of isolated lungs with partially deoxygenated blood does not 
cause a rise of pulmonary arterial pressure if the lungs are respiring air. 
Ventilation of the lungs with N, during perfusion with partially deoxygenated 
blood does cause a rise of pulmonary arterial pressure. 

4. Inhalation of N, by isolated perfused lungs causes a similar rise of inflow 
pressure whether perfusion is made through the pulmonary artery or through 
the left auricle. 


Thanks are due to Prof. E. M. Killick and Mr 8. D. Carlill who took part in some of the experi- 
ments. The author also wishes to thank the Central Research Fund of London University for a 
grant towards some of the apparatus. 
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Many attempts have been made to work out a convenient method for the 
assay of parathyroid hormone. That this, however, is still to be achieved is 
indicated by the fact that most investigators who have attempted to purify 
the hormone have tested their preparations by measuring the increase of 
serum calcium in dogs as originally described by Collip & Clark (1925). 
A partially successful attempt to break away from this tradition was made by 
Tepperman, L’Heureux & Wilhelmi (1947), who utilized the fall in serum 
phosphate of normal rats as a measure of parathyroid activity. However, the 
recent preparation by Stewart & Bowen (1952) and Davies & Gordon (19535) 
of gland extracts devoid of effect on plasma calcium, but still capable of 
stimulating the renal excretion of inorganic phosphate, demonstrates the 
need for separate methods, dependent on changes in either calcium or phos- 
phate, to measure the two types of activity. 

The present paper reports an attempt to work out a test based on changes in 
the plasma calcium level of parathyroidectomized rats. Unfortunately, the 
normal rat is known to be relatively resistant to injected parathyroid hormone. 
Thus Biering (1950), who described a method in which serum calcium changes 
in normal rats were measured, found it necessary to use approximately 
1000 v.8.P. units of hormone to secure an increase of 3 mg Ca%. Rather large 
amounts of hormone were also employed by Pugsley (1932), Dyer (1933), 
Olsen (1934), Truszkowski, Blauth-Opietiska & Iwanowska (1939), who all 
measured increases in the urine calcium of normal rats. Fortunately, Tweedy 
& Chandler (1929) observed a noticeable increase in the sensitivity of the 
plasma calcium response in rats after parathyroidectomy, and this has been 
taken advantage of in the present work. Such animals, unless kept on a low 


calcium high phosphate diet, rarely show signs of tetany (Shelling, 1932) and 


* This work forms part of a thesis submitted for the degree of Ph.D., University of London. 
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are eminently suitable for parathyroid assays, except for their wide initial 
variation in serum calcium level. Not unexpectedly, the response of individual 
animals to injected parathyroid hormone has been found to depend markedly 
on their initial plasma calcium level, but it has been possible to find a simple 
means of correcting for such differences during calculation of the results. 


METHODS 

Rats and diet 
The rats used were hooded (Norwegian) animals, weighing 200-250 g. Males were generally used, 
though no differences due to sex were detectable. They were bred at the National Institute for 
Medical Research and maintained there on the stock cube diet no. 41 (Bruce & Parkes, 1949). 
Rats received food and water ad lib. throughout the experiment, except for certain experiments 
on starving rats. The pair of parathyroids lying embedded in the thyroid were destroyed by 
cauterization (Davies & Gordon, 1953a). No attempt could be made to locate and remove 
accessory parathyroids, but according to Hoskins & Chandler (1925) these were only present in 
less than 10% of rate whose neck regions they examined. Parathyroidectomized rats were used 
from 3 to 21 days after operation since no changes in sensitivity could be detected during this 
period. Most experiments were started 10 days after the operation. Individual rats were used 


for one experiment or assay only. Pugsley (1932) and Dyer (1932) had encountered immunity in 


rate receiving repeated doses of hormone. A preliminary experiment showed that parathyroid- 
ectomized rats, given four injections of hormone totalling 300 units over 12 days, were slightly 
less responsive to the last than to an identical first dose. 


Hormone 


Standard hormone was ‘Parathormone’ supplied by the Eli Lilly Co. Hormone doses are 
expressed as U.8.P. units. Parathyroid extracts assayed were HCl-acetone preparations of ox 
parathyroid glands, made according to L’Heureux, Tepperman & Wilhelmi (1947). All injections 
were given subcutaneously. 

Plasma calcium estimations 

0-6 ml. samples of blood were obtained by heart bleeding from rats under light ether anaesthesia, 

using & heparinized syringe. The plasma was drawn off from the red blood cells as soon as possible. 


(a) Titrations with sodium versenate 


This method, used for all assay estimations, estimates plasma calcium + magnesium. It is based 
on the observation by Schwarzenbach and his associates (Schwarzenbach & Ackermann, 1947; 
Biedermann & Schwarzenbach, 1948) that Eriochrome T forms a pink-coloured complex at pH 11 
with Ca**+ and Mg** and that the addition of sufficient ethylenedi tetraacetate (versenate) to 
chelate all the divalent ions present results in the appearance of a blue colour. The method below 
is a modification of that of Betz & Noll (1950). 

Solutions. (1) Sodium versenate (stock solution): 4 g sodium ethylenediaminetetraacetate 
(versenate) +0-86 g A.R. NaOH in 800 ml. distilled water. Diluted 5 times for use. 

(2) Buffer solution (stock solution): 10g A.R. NaOH; 5g A.R. sodium sulphide; 40 g A.R. 
borax (Na,B,0,10H,O). Dissolved in distilled water and made up to 11. Diluted 10 times for 
use, 

(3) Indicator: 0-1 % solution of Eriochrome T (Gurrs Ltd.) in ethanol. 

(4) Standard calcium carbonate solution: 1-0 g of A.R. calcium carbonate was dissolved in 
a little diluted HCl and diluted to 1 1. (stock solution, 1 ml. =400 ug Ca). The standard solution 
was a 1/20 dilution of the stock solution (1 ml. =20 ug Ca). 

Method. 0-1 ml. of plasma was pipetted into a tube containing 0-5 ml. distilled water, duplicate 
estimations being made for each plasma. 1 ml. of diluted buffer and 2 drops of indicator were then 
added. Only one tube was prepared at a time from freshly poured out buffer, since pH changes 
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occurred on standing. Diluted versenate was run in from a Conway microburette, with shaking, 
until the last trace of pink colour had been discharged and a pure blue colour had replaced it. 
Additions near the end-point were made very slowly, leaving time for the colour changes to 
develop. All colours were observed under a 60 W electric light bulb a few inches from the titrating 
vessel. A daily check of the titration value for 10 ug calcium was made and since small differences 
were observed, these were corrected when calculating the serum results. 
(b) Accuracy of versenate method 

A calibration curve over a range of 4-14 ug Ca was constructed. Calcium carbonate solutions, 
containing either 1 or 2 mg Ca% were used. Samples were run out from a Conway microburette, 
made up to 0-6 ml. with distilled water and estimated as above. On plotting the results, a straight 
line was obtained. The range of accuracy was free from -7 to + 1%, there being an average error 
of 3%. The greatest error occurred with samples of 4 and 6 ug Ca. 

A recovery experiment for added calcium carbonate in the presence of 0-1 ml. plasma gave the 
results shown in Table 1. These results may be compared with those of Clark & Collip (1925) who 
stated that their macro-oxalate method estimated serum calcium with an error of not more than 


2%. 
TaBLe 1. Calcium recovery experiment using the versenate method 


Total Ca+Mg Total 
Added Ca Plasma Ca +Mg found 
(ug) (ug) (mg) +Mg present 


0 9-20 

2 9-20 11-6 103 

4 9-20 13-4 102 

6 9-20 15-3 101 

8 9-20 17-6 102 
10 9-20 19-5 102 


(c) Comparison of versenate and oxalate titrations 

A small-scale experiment was carried out to compare plasma calcium + magnesium estimated 
by the versenate method and plasma calcium estimated i in 0-1 ml, plasma by the micro-oxalate 
method of King, Bain & Pash (1951). Seven parathy tomized rats were bled, injected with 
50 unite of Parathormone and re-bled 21 hr later. All plasma samples were estimated by the two 
methods. The average rise in plasma calcium by the oxalate method was 1-2 mg/100 ml. Assuming 
that the versenate titration measured the same increase in calcium together with a rise in plasma 
magnesium, the latter amounted to a rise of only 0-1 mg Mg, which was regarded as negligible. 
The conclusion that the serum magnesium is not at a higher value 21 hr after the injection of 
parathyroid hormone is in accord with the work of Collip & Clark (1925), Schlotz (1931) and 
Greenberg & Mackey (1932), who report that Parathormone injection in dogs causes a very slight 
and transient (2-6 hr) rise in serum magnesium. Our experiment would seem to indicate that the 
change measured by the versenate method can be accounted for by a rise in plasma calcium only. 
Hence, in the rest of this work responses to hormone will be referred to as rises in plasma calcium. 
Since in the assays it is only required to measure some regular response which has a proportional 
relationship to the dose of hormone given, if more extensive work did demonstrate a rise in plasma 
magnesium as well as a rise in plasma calcium 21 hr after injecting parathyroid hormone, the 
present assay method would still remain valid. 


RESULTS 


Time curve 
The time at which the maximum plasma calcium response to injected hormone 
occurred in parathyroidectomized rats was first investigated. Table 2 shows 


the increases found at various times after injection of 60 units of Para- 
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thormone. The animals were bled just prior to injection at 12 noon, and then 
again after the stated time. As a result of this experiment, 21 hr was adopted 
as a satisfactory and convenient time for the development of the response to 
the hormone and was used in the rest of this work, except on certain occasions 
where the hormone was injected in two doses. A later experiment indicated 
that the same rise in plasma calcium was to be expected whether the hormone 
was given in a single injection at 12 noon or was injected as two half doses 
at 10 a.m. and 5 p.m. and responses measured 24 hr later (10 a.m.). 


TaBie 2. Time curve: of groups of four parathyroidectomized rats to 60 units 

of at intervals after injection 

; Average A z value, 

Time after response (y). z=4 initial 
Increase in mg Ca + Mg 
Group (br) Ca/100 ml. plasma level + y 
3 0-9 5-7 
2 6 13 5-9 
3 12 16 6-5 
4 18 18 5-6* 

5 24 1-7 6-7 
6 30 1-2 6-2 


In 4 the average initial plasma calcium + magnesium level was 7-5 ml./100 ml., which 
was 3-0 mil. the other ups. Therefore it seems likely that in this 
case the initial level correction has overcom for this very low level. 


Sensitivity of normal and parathyroidectomized rats to parathyroid hormone 

An experiment was carried out to confirm the finding of Tweedy & Chandler 
(1929) that after parathyroidectomy rats give larger increases in plasma calcium 
in response to injected hormone. Six rats (2) were parathyroidectomized, and 
then 11 days after the operation were bled and each injected with 50 units of 
Parathormone. For comparison six rats (¢, but of similar weight) were bled 
and each injected with 200 units. The average increases measured after 21 hr 
were 1-70 mg Ca% for the operated rats and 1-85 mg Ca% for the normals. 
A t test showed there to be no significant differences between these results 
(P>0-7); thus it can be concluded that parathyroidectomy very markedly 
increases the sensitivity of rats to injected hormone. 


Relationship of increase in plasma calcium + magnesium to dosage of hormone 

This was investigated with four groups of four rats of equal total weight, 
used 10 days after parathyroidectomy in a test lasting for four consecutive 
days. Each rat was bled at 10 a.m. and injected with Parathormone at 10 a.m. 
and 5 p.m. on days 1 and 3. On days 2 and 4 each animal was bled at 10 a.m. 
On day 1 the groups received totals of 20, 37, 67 and 123 v.s.P. units of hormone 
per animal respectively. On day 3 the groups were exchanged so that those 
which had received 123 units now received 20 units etc. The average increases 
of plasma calcium for each dose for the two days shown in Fig. 1 indicated 
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a straight-line relationship between increase in plasma calcium (y) and log. dose 
of hormone. Since it was found that there was a dependence of response on 
initial plasma calcium + magnesium level (1), the results were later expressed 
as 2 values, 2 being the response corrected for the varying initial plasma 
calcium + magnesium levels of the rats used (see ‘Interpretation of Results’ 
later). The log. dose-z curve was also a straight line. 


Log. dose of parathormone in usr units 


Fig. 1. Log. dose-response curve. Cross-over test using parathyroidectomized rats 
(details in text). 

The dose-response relationship was re-investigated three more times over 
a period of 9 months. The variation was generally considerably less using z 
rather than y as a measure of the response. This was shown in four experiments 
in which average A using y = 0-66, and average A using z= 0-49, where A= index 
of precision=./(error variance) + slope of log. dose-response line. Log. 
dose-z curves were always straight lines, but the slope varied on each occasion, 
indicating the necessity of including animals on standard hormone in each 
assay. 

Fig. 2, which includes results obtained with Parathormone both in assays and 
in dose-response experiments, shows that from May—August 1953 persistently 
low slopes for the Parathormone log. dose-response (z) lines were obtained. 
Unfortunately, no assay results are available for these months, as solutions 


which possessed negligible parathyroid activity were being assayed iu that 
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time. If this seasonal effect re-occurs, it might be necessary at such times to 
use more animals to obtain the limits of error claimed for the present assay. 

In this connexion, the use of starved parathyroidectomized rats was investi- 
gated, since Olsen (1934) affirmed that starved normal rats showed a larger 
urine calcium response to parathyroid hormone than fed animals. Our work 
was carried out from September to November 1953. In four experiments, 
each using twenty-four parathyroidectomized rats, the response to 20-125 units 
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Fig. 2. Slope of log. dose-response lines for ‘Parathormone’ over a 13-month period. 
x, fed rats; O, starved rats. 


of Parathormone was measured. Fed and starved animals were either used 
simultaneously in @ cross-over test, or the whole group was first used while 
starving and then while feeding or vice versa. Satisfactory slopes (1-66-4-01) 
for the log. dose~z lines were obtained with both categories of rats. In no case 


was the slope or the index of precision significantly different when comparing 
the results from fed and starved animals. : 


Assay method 
Having established the general conditions under which increase in plasma 
calcium might be expected to provide a measure of the activity of injected 
Parathormone, seven assays of unknown parathyroid extract were carried out. 
In each the responses to three levels of the standard preparation were com- 
pared with those obtained from three levels of the unknown. The experimental 
design was the triplet cross-over assay as described by Smith (1950), and 
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TaBLE 3. Dose ratios in triplet cross-over plasma calcium assay. The par idect d rate 
Rat nos. Ist dose 2nd dose 
1-4 20 v.s.P. units of Parathormone 6-25 d mg unknown preparation 
5-8 50 v.s.P. units of Parathormone 2-5d mg unknown preparation 
9-12 125 v.s.P. units of Parathormone d mg unknown tion 
13-16 d mg unknown preparation* 125 v.8.P. units of Parathormone 
17-20 2-5d mg unknown preparation* 50 v.s.P. units of Parathormone 


21-24  6-25d mg unknown preparation* 20 v.s.P. unite of Parathormone 
* d=the unit dose of unknown preparation. 


dosage ratios and number of rats used etc. are shown in Table 3. The time 
schedule of injections and bleeding was as described above, except that for 
the first two assays the dose was divided into two halves which were injected 
at 10a.m. and 5 p.m. In the first three assays 1 clear day was left between 
the two halves of the assay, but in later work this was lengthened to 2 days 
because it was found that the average initial plasma calcium level was not 
quite regained after the shorter interval. The results obtained are given in 
Table 4, suitably corrected for the varying initial plasma calcium + magnesium 
levels of the rats (see below), 


TaBLe 4. Calcium assays of unknown parathyroid hormone preparations 


Slope of 
log. dose— of error 
No. of  zlines expressed 
Assay Date rats for Para- U.8.P as % of 
no. Preparation of test used* thormone Potencyf units/mg potency 
I D/77 2. xii. 52 18x2 1-97 0-92 12 59-165 
II D/91 30. xii. 53 24x2 2-74 0-30 10 62-144 
Il D/96 12. i. 53 18 x2 2-50 0-86 ll 73-135 
(test 1 
IV /96 , 16. ii. 53 24x2 1-82 1-07 ll 56-191 
(test 2) 
Vv E/6 2. iii. 53 24x2 2-16 0-60 15 58-157 
VI E/106§ 9. ix. 53 24 x2 3-99 0-48 5-9 62-147 
(test 1 
VII E/106§ 30, ix, 52 24x2 3-02 0-30 3-8 40-177 
(test 2) 


* Including rats receiving standard hormone. 
Doses of Parathormone the same but doses of unknown different in each assay. 
Limits were caloulated at the 5% level. 

§ Starved rats. 


Interpretation of results 

In all the experiments already mentioned, and in other preliminary observa- 
tions, dependence of response on initial plasma calcium + magnesium con- 
centration was always noticeable for each dose level. 

The responses to 125 units of Parathormone in the assays I-III described 
above were used to devise a new expression (z) for the response, which unlike 
the observed response (y) would not depend on the initial plasma calcium + 
magnesium level (é). For this condition to be fulfilled it is necessary for z to be 
a constant at any one dose level. All the y values were plotted against +: the 
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regression line (line A) is shown in Fig. 3. The interdependence of ¢ and y was 
shown since the correlation was —0-91 (P<0-001). The slope of line A was 
—0-508; hence the equation of the line was y= —0-5 i+a constant. This 
constant depends on the size of the response. If this constant is now referred 
to as z and the equation rewritten as z=y+ 0-51, this satisfies both the condi- 
tions that z is a measure of the response and that z is independent of +. The 
fact that z bears no relationship to ¢ is shown by plotting z against + (Fig. 3, 
line B) using the same data as for line A. The correlation between ¢ and z was 
—0-013 which is not significant (P > 0-1). 
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(mg Ca/100 ml.) 
| 
Le 


~ 


Corrected response (z), 
% 
° 
° 


6 7 8 9 10 11 12 13 
Initial plasma calcium +magnesium level (ij) (mg Ca+Mg/100 mi.) 


Fig. 3. Correlation of response to 125 v.s.P. units of ‘Parathormone’ with initial plasma calcium + 
magnesium level, using 20 parathyroidectomized rats. A, regression line of increase in serum 
calcium (y) on initial plasma calcium + magnesium level (i); B, regression line of corrected 
response (z) on initial plasma calcium + magnesium level. 


The validity of adopting the expression z=y+0-5i for other doses of 
Parathormone and for other hormone extracts has been investigated. All 
responses to 20 units of Parathormone in the same three assays (I-III) were 
analysed and this gave rise to results similar to those obtained with the 
responses to 125 units. Thus there was a high correlation between «4 and y 
(—0-834, P<0-001), no significant correlation between z and (+ 0-195, 
P>0-1) and the slope of the regression line of y on i was —0-44 which is 
sufficiently close to —0-5 to be regarded as confirmation of the expression 
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derived above. Again, when an attempt was made to establish the equation 
z=y+0-5¢ for various other hormone extracts, by considering the responses 
at all dose levels in each of the three assays I-III, y on 4, regression lines 
having the following slopes (b) were obtained: 
1b= —0-543 
Ilb=—0-449} i.e. average b= —0-51 
= —0-537 


Since it seems possible that from time to time the slope of such lines might 
vary, it is necessary to redetermine the numerical coefficient of z for each 
series of assays. In point of fact, the equation z~y+0-5i has held for all 
assays reported here using either fed or starved rats. 


DISCUSSION 


Although Hanson as long ago as 1928 recommended the use of para- 
thyroidectomized dogs for the assay of Parathormone the present work would 
appear to be the first in which the response of a parathyroidectomized animal 
has been investigated as the basis for an assay method. Comparison with 
normals indicated that in such animals similar increases in plasma calcium 
could be obtained by injection of approximately one quarter the amount of 
hormone, The animals’ plasma calcium + magnesium levels were found, how- 
ever, to vary widely (Fig. 3) and it is thus not surprising that it was possible to 
demonstrate an inverse relationship between plasma calcium + magnesium 
level and response to hormone. In this respect the parathyroidectomized rat 
appears to differ both from normal rats (Biering, 1950) and parathyroidecto- 
mized dogs (Collip & Clark, 1925) in neither of which was it possible to 
demonstrate this relationship. It is interesting to note that Davies & Gordon 
(1953a) have reported marked dependence of both fall in plasma inorganic 
phosphate and rise of urine phosphate on initial plasma or urine phosphate 
level in the parathyroidectomized rat. Although in theory differences in 
response due to varying initial plasma calcium+ magnesium levels can be 
eliminated by proper assay design, in practice using a limited number of 
animals unless each response is appropriately corrected to compensate for this 
factor, the answer obtained is likely to be as much a reflexion of initial calcium 
level as it is of the effect of the hormone itself. As explained above an 
expression (z), which measures only the real effect of the hormone freed from 
dependence on initial plasma level, has been obtained. 

Since the observed responses, at any one dose level, were proportional to 
half the initial plasma calcium-+ magnesium concentrations, the possibility 
arises that response is dependent on initial calcium-ion concentration, pro- 
viding that this is about half the total plasma calcium in parathyroidectomized 
as in normal rats. However conflicting reports have been published on this 
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point (Thomson & Collip, 1932) and in the present work no estimations of 
ionized calcium were made. 

The effectiveness of using the expression z in calculating results is shown by 
a comparison of the curves obtained by plotting both z and y against log. dose 
(Fig. 4). First, it was found that the log. dose-response lines for the standard 
and the test animals deviated less from parallelism using 2 rather than y as 
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Fig. 4. Comparison of observed responses (y) and corrected responses (z) in Assay III. x, doses 
of Parathormone, Line 8; 0, doses of unknown preparation, line U; d, the unit dose of 
unknown preparation. 


a measure of the response. This is illustrated for one assay in Fig. 4. Although 
in other assays the improvement in parallelism was not so striking, it always 
occurred to some extent, and hence the use of z aided the accuracy of the 
assay. Secondly, it will be seen that the spread of experimental values at each 
dose level was less using z, i.e. index of precision (A) (A= ./(error variance) + 
slope of log. dose-response line) was smaller (0-23) using z than when using y 
(0-36). The rectification of this source of error was particularly noticeable at the 
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higher dose levels, where the experimental values on the y curve lie in a wide 
scatter while those for z deviate less from the average value. The dependence 
of response on initial level could have been overcome by analysing the results 
using co-variance, but the use of z has a very similar effect and leads to a 
simpler calculation of potency. 

In order to reduce the rather considerable error due to day-to-day changes 
in the responsiveness of the animals, the assay design described above was 
chosen in which equal numbers of animals receive standard and test doses. 
By the use of this triplet cross-over design some of the error due to the 
differences between animals is obviated. The whole of this error could 
theoretically be removed by repetition of doses until each group of animals 
had received every dose level. However, the advantage thus gained might not 
be realized in practice owing to changes in plasma calcium caused by haemo- 
dilution or to any loss of sensitivity towards the hormone. The percentage 
limits of error obtained in the seven assays are given in Table 4. These assays 
were carried out in the autumn and winter. It has been mentioned that the 
limits of error might be slightly wider in assays undertaken in the summer if 
the decreased responsiveness to injected hormone encountered from May to 
August 1953 re-occurred. 


TaB_e 5. Comparison of calcium assays by various other workers 
Times 


Limits* 
Total used expressed 
Type of no. of in the % of the 
Authors animal animals assay Potency potency 
Bliss & Rose Normal dogs 20 4 1-30 79-126 
(1940) 
iss & Normal dogs 36 2 1-13 79-126 
(1940) 
Biering (1950) Normal] rats 20t 1 1-24 83-121 


* Limits were calculated at the 5% level. 
+ All on unknown preparation. 

Assay results obtained by Biering (1950) with normal rats, and Bliss & Rose 
(1940) with dogs, are shown in Table 5. In comparing the various assays, it 
must be noticed that the average potency (0-65) in the parathyroidectomized 
rat assays deviated more from 1-0 than the potencies in the other assays. Had 
the dose levels been chosen a little differently so that the potency was nearer 
1-0, narrower limits of error would have been obtained in our assays. In 
examining the claim of Biering to have obtained 83-121 % limits by the use 
of only twenty animals, it must be noticed that all the animals received the 
test substance and the result was read off from a previously established dose— 
response line. However, Biering noted the existence of day-to-day variation 
in the reactivity of the rat, and to minimize this he recommended that 
experimental observations be spread over as long a period as possible. Never- 
theless, his log. dose-response line was constructed from work on ninety-eight 
rats carried out during 1 month (June-July 1948) and the length of experi- 
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mental period required to give the limits of error claimed is not clearly 
indicated. It would appear that these narrow limits are obtained because the 
author is in fact using one set of values from a 3-point test in which the slope 
of the experimental log. dose-response line happened to be identical (3-228) 
with the slope of the standard line (3-214). It seems unlikely that this would 
occur persistently and yet by performing assays with one dose of unknown 
only, it would have to be assumed that this identity of slope for both the 
standard and the unknown always existed. 

The slope of Biering’s standard log. dose-response line (3-2) is similar to the 
average slope (2-6) of the Parathormone log dose-response (z) line in the 
present assays. It is probable that this low slope partially explains the rather 
wide limits of error in the parathyroidectomized rat assays. Much higher slopes, 
4-1 and 7-35, were found by Bliss & Rose (1940) who analysed the data of 
Miller’s (1938) dog assays. Despite these high values they found that twenty 
dogs each used 4 times in a Latin square arrangement gave limits of error only 
a little better than the best assay reported here with the parathyroidectomized 
rats in which eighteen animals were used twice. 

Thus, the chief advantages of the present method over the dog method 
would appear to be: (1) the use of the cheaper and more convenient test 
animal; (2) using the same number of animals nearly the same level of accuracy 
can be obtained in a much shorter period, i.e. in 1 week instead of 1 month as 
by Miller; (3) less hormone is required. Compared with the method of Biering 
the advantages would seem to be the saving of hormone, and a more valid 
estimate of potency, resulting from the simultaneous use of animals receiving 
both standard hormone and an unknown extract. 


SUMMARY 


1. A triplet cross-over assay for the calcium activity of parathyroid 
hormone, using twenty-four parathyroidectomized rats and based on the 
increase in plasma calcium 21 hr after injection of hormone, is described. 

2. It is shown that there is a dependence of response on initial plasma 
calcium-+ magnesium level. An expression (z) is derived for the response 
which corrects for the varying initial plasma calcium + magnesium values of 
the rats. 

3. Seven assays are reported, five using fed and two using starved rats. 
Average limits of error are 64-158%. Since the rats showed decreased 
responsiveness in the summer, slightly wider limits of error may be expected 
during this period. Two of the unknown solutions were re-assayed: the 
potencies thus found for each were similar to those obtained at first. 


baie amore wish to express their thanks to Bir Charles Harington, F.R.8., for his interest in 
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THE INEFFECTIVENESS OF THE ‘WINDOW FIELD’ IN THE 
INITIATION OF MUSCLE CONTRACTION 


By 0, STEN-KNUDSEN* 
From the Department of Biophysics, University College, London 
(Received 8 March 1954) 


It is generally believed that the contraction of a muscle fibre is initiated in 
some way by the propagated electric activity of its surface membrane. The 
way in which the two processes are coupled is unknown, but it has been 
suggested that the activation of the contractile substance starts at the fibre 
surface and rapidly spreads inwards at each point where the action potential 
wave has passed (see Hill, 1950, pp. 45-7; Sandow, 1952). The possibility has 
been considered that the longitudinal current or electric field set up inside the 
fibre during the propagation of an impulse might stimulate the contractile 
material directly but this has been rejected on the grounds that in the absence 
of propagation muscles contract only at the points where electric current 
leaves the fibres and not along the axial field. 

Recently, Bay, Goodall & Szent-Gyérgyi (1953; see also Bay & Szent- 
Gyérgyi, 1951) have once more put forward the hypothesis that the longi- 
tudinal action currents or the propagating longitudinal field are the responsible 
agent, this time under the name of the ‘window field’. They recognize that, 
in order to maintain this theory, contraction must be shown to occur along 
the whole length of a muscle fibre when it is placed in a field of sufficient 
intensity, even in the absence of an action potential. Bay et al. (1953) claim 
that this occurred in an experiment in which the muscle was treated with 
novocaine and then subjected to a longitudinal field. 

In view of the theoretical importance of this observation and its disagree- 
ment with earlier statements in the literature, it was desirable to repeat the 
experiment. It was also felt that more objective evidence was needed on this 
point than has hitherto been presented. It is difficult to decide by visual 
inspection alone whether a muscle contracts in one part or along its whole 
length. The method used here was to label various points of the muscle surface 
with graphite particles and photograph the displacement of these particles 
during the experiment. 

* Fellow of the Rockefeller Foundation. 
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METHODS 


The M. extensor long. dig. IV of the frog (Rana temporaria), which consists of long parallel fibres, 
was placed in a rectangular Perspex trough 5 cm long, 2-5 em wide and 1-5 om deep (Text-fig. 1). 
To the end walls of the trough were affixed two 1 mm thick silver plate electrodes coated with 
silver chloride. A square pulse generator was. used producing an electric field up to 5 V/om 
which was measured on a cathode-ray oscilloscope. 


Text-fig. 1. Perspex trough for longitudinal polarization of the M ext. long. dig. IV of the frog 
(m). An e.m.f, applied to two silver electrodes (s) sets up a uniform field in the bath. One 
tendon is attached to a cork plate (c) glued to the bottom of the chamber. For isotonic 
shortening the other tendon is attached to pin (p) of an isotonic lever, the load depending on 
the length of the bar (b). For ‘isometric’ contractions both tendons were fixed on to two cork 
plates. | 


Conduction of muscle impulses was blocked by adding procaine to the Ringer. The effect of 
procaine was tested by raising the muscle on to two pairs of electrodes, one pair for stimulating, 
the other for recording propagated spikes. The block was usually complete after 2-3 min. 

The muscles were allowed to contract isometrically or isotonically. Under isometric conditions 
the tendons were attached by pins on two small cork plates fixed to the bottom of the chamber, 
the musele being held in this way about 2-3 mm above the bottom of the trough. In order to 
make relative displacements along the length of the fibre as clear as possible the muscle was 
stretched only slightly. For isotonic shortening one tendon was fixed to a sewing needle which 
served as isotonic lever. The load on the muscle was of the order of 30 dynes. To register dis- 
placements along the length of the muscle small granules of graphite were laid on the upper 
surface of the muscle at distances of 0-3-0-4 mm. Once in position the granules would stick to 
that point of the muscle surface and move with it. The granules were photographed in transmitted 
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light by placing the Perspex chamber on the mechanical stage of a microscope with a photographic 
attachment fitted with a Leica camera. The magnification was adjusted so that 3 mm length of 
muscle were visible. 

The usual procedure was as follows: after propagation had been blocked, the muscle was placed 
in a longitudinal field. Photographs were taken of the cathodic, middle and anodic region of the 
muscle at rest, and about 1 sec after the commencement of the constant current. The direction of 
the current was then reversed and the whole procedure repeated. This was done for various 
strengths of the field. 

In a series of experiments the isometric force was measured. The muscle was placed in a square 
trough 4 x 4 cm with one tendon fixed to a piece of cork, the other to an isometric lever attached 
to an electro-mechanical transducer (RCA 5734). Platinized platinum electrodes 4 cm long and 
1 cm high were used to produce either a longitudinal or transverse (d.c. or a.c.) field. The force 
developed by these fields in a blocked muscle was compared with the normal isometric tetanus 
force. 


RESULTS 
A. The localization of contraction in the longitudinal field 

(1) Isometric conditions. An example is shown in Pl. 1. The muscle was 
19 mm long; it was soaked in 0-05% procaine Ringer solution. With a field of 
0-1 V/cm a small contraction occurred at the cathodic end of the muscle. With 
increasing field strength there was increased shortening localized at the 
cathodal end. In Pl. 1 the field strength was 2 V/cm. The three columns show 
the positions of the graphite granules at the two ends and in the middle of the 
muscle. The first and third rows show the resting muscle, the second and 
fourth rows show the effect of the longitudinal field. During the passage of the 
current in the second row shortening has occurred at a part adjoining the 
tendon near the cathode. The relative shortening between the individual spots 
was: ab 44%, be 38%, ed 44%, df 28%. The distance fg has lengthened 5%. 
The total shortening of the distance af (2 mm long) was 39%. On the other 
hand, the distances in the middle and at the anodic end have been elongated 
by an average amount of 10%. Thus the effect of a field of 2 V/cm was a 
shortening in the cathodic part next to the tendon, while most of the muscle 
(17 mm out of 19 mm) became extended, the total length remaining constant 
under the present isometric conditions. When the field was reversed, the 
records in the third and fourth rows were obtained. The cathodic end is now 
on the right-hand side. The result is exactly as before, i.e. a local shortening 
(37%) at the cathodic end with a corresponding elongation of the rest of the 
muscle. A further increase in the field resulted in a somewhat stronger con- 
traction at the cathodic end without otherwise altering the picture. With 
stronger fields (above 3 V/cm) an opening contraction was observed at the 
anodic end on the withdrawal of the field. With these strong currents the 
muscle deteriorated rapidly, and further contractions could only be produced 
by increasing the current each time. Furthermore, at these high intensities 
(3-4 V/cm or more), ‘galvanic waves’ were often observed of the type described 
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by Kihne (1860), du Bois-Reymond (1875), Jendrdssik (1879) and Hermann 
(1886), but at this stage damage set in rapidly and the muscle soon ceased to 
respond altogether. 

(2) Isotome conditions. Although the longitudinal current produces a local 
contraction at the cathodic end, isometric recording does not prove that the 
active process is entirely localized at the cathodic end. It might be argued 
that the field causes the muscle to contract all along, but with a stronger 
intensity at the cathodic end than elsewhere. To check this point isotonic 
shortening was registered during the passage of the same current. 

Pl. 2 shows a muscle of 16 mm length which was allowed to shorten against 
a constant load (30 dynes), by attaching one tendon (3 mm long) to an isotonic 
lever. The fixed end is to the left of the point a and the lever is to the right of 
the point p. Any local shortening will now produce not a lengthening, but a 
simple translation of the rest of the muscle. The field was 2 V/cm. By examining 
the first and second rows of Pl. 2 it is seen that the longitudinal current 
produced a shortening of more than 50% at the cathodic end comprising 
a region of about 2-5 mm of the same muscle next to the tendon. The lines 
joing corresponding points in the second and third columns remained 
parallel, showing that these parts of the muscle were simply moved passively 
towards the cathodic end of the muscle. The thin structure seen to the right 
of point p is part of the tendon connected to the isotonic lever. 

When the direction of the current is reversed (fourth row) local shortening 
again occurs at the cathodic end (now the lever end) and moves the tendon to 
the left. The marks near the fixed end (anodal end) show no displacements. 
The same was true for the marks at the middle part, apart from the last two 
marks nearest to the cathode which showed a slight shortening the amount of 
which, however, was small compared with that occurring at the extreme 
cathodic end. Since the two pictures were separated by a distance of 2 mm, 
the contraction extended over about 6mm of muscle, the strength of the 
contraction being smaller the larger the distance from the cathode. The slight 
shortening in the cathodic portion of the middle frame might also be accounted 
for if some of the fibres were not running through the whole length of the muscle. 

The local contracture was also observed at higher intensities of the field, 
though deterioration soon followed. At 3 V/cm the muscle showed ‘galvanic 
waves’ and a transient ‘break contracture’ in the anodic region. Eventually, 
the extreme cathodic end ceased to respond, and the contracture became 
confined to a region a short distance away from the tendon. The other end of 
the muscle, which was by now in a state of slight permanent contracture, 
elongated when the current was applied with the anode nearby, and went 
again into contracture when the field was withdrawn. With continued applica- 
tions of current the muscle became progressively inexcitable all along its 


length and went into permanent shortening. 
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The isotonic experiments were repeated on isolated single fibres. The 
shortening was measured by counting the sarcomeres photographed with 
a high-power water immersion objective. With field strengths of 0-3 and 
0-5 V/cm the cathodic end showed a shortening of 26 and 39%, respectively, 
while no change occurred in the middle part. Thus microscopic observation 
on a single fibre showed the same effect as that found in whole muscle. 


B. The isometric force developed in a longitudinal and transverse field 

The previous experiments showed that when a parallel-fibred muscle is 
placed in a longitudinal field, and provided propagation is blocked, contraction 
is localized at the cathodic end. In this region, as was shown by Rushton 
(1930), Hodgkin & Rushton (1946) and Katz (1948), current leaves the fibres 
and establishes a potential difference (a depolarization) across the surface 
membrane; on the other hand, the voltage gradient along the inside of the 
fibres is smallest at the ends and greatest along the middle portion where no 
contraction occurs. 

The experiments, therefore, lend no support to the theory of the ‘window 
field’ according to which contraction should be produced by the internal 
potential gradient, but they agree with the view that surface depolarization 
is an indispensable agent (Kuffler, 1946; Hill, 1950, pp. 45-7). It was of 
interest, therefore, to use a method of stimulation which would, without the 
intervention of any longitudinal potential gradient, depolarize not only the 
end, but the whole length of a non-propagating muscle. Such a method has 
been described by Katz & Lou (1947a) who found that a transversely applied 
alternating field effectively depolarizes, and causes contraction in a muscle 
which has been rendered non-propagating by an excess of potassium. In the 
following experiments this method has been used and the maximum resulting 
contractile force has been compared with (a) that obtainable in a longitudinal 
a.c. field when only the ends contract, and (b) the normal tetanus force. 

Some preliminary experiments were made in which the muscle was blocked 


by procaine rather than potassium, and subjected alternatively to a transverse — 


and longitudinal d.c. field. With a strong longitudinal field (3 V/cm) the con- 
tractile response was less than 2° of the isometric tetanus tension. On the 
other hand, application of a strong transverse field (3-2 V/cm) resulted in a 
force over half of the isometric tetanus tension and at the break of the current 
the force increased further so that the total force developed was 80-90%, of 
the isometric tetanus tension. However, the strong direct current produced 
injurious effects, possibly because of electrolysis at the electrodes, and it was 
difficult to obtain reproducible results since the tension decreased each time 
the transverse field was applied. 

More conclusive results were obtained by using transverse alternating fields 
(200-1500 c/s, up to 5 V/cm) because this method of stimulation did not 
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produce any damage or electrolysis. Moreover, as pointed out by Katz & 
Lou (19474), both sides of the fibres become depolarized. One may, therefore, 
expect the muscle to be stimulated uniformly all along its length. An example 
of these experiments is illustrated in Text-fig. 2. A shows the isometric tetanic 
contraction when the muscle was stimulated longitudinally in normal Ringer. 
In B the muscle was stimulated longitudinally in an alternating field (200 c/s, 
2 V/cm) after conduction had been blocked by increasing the potassium 
concentration to 12 mm (i.e. 6 times the normal value). The steady force was 
about 2% of the normal tetanus tension, while that developed initially and 
at the end of the stimulation amounted to about 10°. When the muscle was 
stimulated with an alternating (1200 c/s) transverse field of the same strength 
C, 80% of the tetanus tension was developed. 


Text-fig. 2. The contractile response of a non-propagating muscle (M. ext.long. dig. IV). 
A, tetanus tension in normal Ringer; B and C, muscle blocked with excess potassium. 
B, longitudinal a.c. field (200 c/s, 2 V/om); C, transverse a.c. field (1200 c/s, 2 V/cm). 


Stimulation with an alternating transverse field did not produce any serious 
progressive deterioration. When force was plotted against stimulating voltage, 
S-shaped curves were obtained whose ordinates were reproducible within 10% 
during successive runs for increasing, decreasing and again increasing fields. 
Although the muscle had been subjected to more than 20 stimulations (each 
lasting 1 sec) it still produced 80% of the tetanus tension at the end when 
stimulated maximally. Moreover, when the muscle was returned overnight to 
normal Ringer to wash out the excess potassium, its tetanus tension was found 
to be 73% of that registered at the beginning of the experiment. 

This experiment confirms the previous results in showing: (a) that block 
of conduction does not impair the ability of the muscle to develop tension; 
(6) that the longitudinal component of the current has little or no effect in 
eliciting muscle contraction, but that a transverse alternating field, pre- 
sumably by depolarizing the whole fibre surface, can elicit nearly the full 
isometric force. 
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DISCUSSION 


Non-propagated contraction produced by constant current has been studied 
by many investigators (e.g. Wundt, 1859; Kiihne, 1860; du Bois-Reymond, 
1875; Jendrdssik, 1879; Hermann, 1886). Apart from the results described by 
Bay et al. (1953), the effect reported in the literature has always been the same, 
namely that contraction occurs at the cathodic region of the muscle (for a 
recent study, see Kuffler, 1946). The present experiments were performed in 
exactly the same way as described by Bay et al. (1953), using a muscle of 
nearly cylindrical shape and constant cross-sectional area so that the fibre 
membranes were traversed by current only near the ends of the muscle. The 
intensity of the longitudinal field (e.g. 2 V/cm in Pl. 1) was well above the 
minimum (0-5 V/cm) at which, according to Bay et al., general contraction can 
be observed, and it was not far from the maximum longitudinal potential 
gradient which occurs during a propagated spike (at 20° C, with a conduction 
velocity of 2 m/sec and a maximum rate of rise of the internally recorded 
potential of 600 V/sec, the maximum gradient is 3 V/cm). The results were in 
contradiction to those obtained by Bay et al.: in the present experiments the 
blocked muscle always contracted only in a localized region near the cathodic 
end of the muscle. The same effect was observed in experiments on single 
isolated fibres. It is difficult to see what the basis was for the contrary state- 
ment by Bay et al. (1953). Perhaps they interpreted passive movement as 
active contraction; or possibly, they observed ‘galvanic waves’ of the kind 
described by Hermann (1886), though this phenomenon is unmistakably a slow 
propagated contraction wave whose mechanism depends probably, as Hermann 
suggested, upon local changes in thickness causing the points of membrane 
depolarization to move slowly along the field. In confirmation of previous 
experiments the present work shows again that, whatever the link between 
the excitation and contraction may be, it cannot be the ionic displacements _ 
caused by the longitudinal field of the action potential. Since contraction 
occurs only at the cathodic end where current leaves the fibres, it must be the 
current which crosses and depolarizes the membrane which is responsible for 
the contraction (Hill, 1950). This is also indicated by the anodic ‘break’ 
contraction at high current strength, a phenomenon which has even been 
observed in muscles completely depolarized by an isotonic potassium solution 
(Katz & Lou, 19475). 

SUMMARY 

1. Bay et al. (1953) have reported that a muscle blocked by novocaine and 
placed in a uniform longitudinal electric field contracts all along its length. 
This was regarded as experimental support for a theory that the longitudinal 


field of the normal action potential (the so-called ‘window field’) stimulates 
the contractile process. 
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2. The experiments of Bay et al. have been repeated with direct photo- 
graphic recording. Contrary to Bay et al., and in agreement with earlier 
workers, the contraction is found to be confined to the cathodic end of the 
muscle. 

3. Uniform transverse stimulation of a blocked muscle with an a.c. field can 
elicit nearly the whole isometric tetanus force, while longitudinal application 
of the field only results in the development of a small fraction of the tetanus 
tension due to contraction of the ends of the muscle. 

4. The question of the connexion between electric field and contractile 
process is discussed. The essential agent appears to be depolarization of the 
fibre membrane, while the longitudinal ‘window field’ has little or no effect. 


I wish to express my gratitude to Prof. B. Katz, who suggested this problem to me, for his kind 
help and criticism; to Mr J. L. Parkinson for much valuable assistance and to Mr A. C. Downing 
for providing the electromechanical transducer. ae 
made by the Nuffield Foundation. 
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EXPLANATION OF PLATES 


Pirate | 
Photographs of isometric d.c. contractures in frog muscle. 1, resting muscle; 2, d.c. field (2 V/cm) 
on, direction of field indicated by arrows (the displacement of the graphite granules is shown 
by the black lines); 3, resting muscle; 4, field (2 V/om) reversed. For further description see 
text. 


PLaTE 2 


Direct. current contraction in frog muscle. Isotonic shortening. For explanation, see text and 
legend to Pl. 1. 
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SOME DIFFERENCES IN THE METABOLISM OF THYROXINE 
AND TRIIODOTHYRONINE IN THE RAT 


By N. F. MACLAGAN anp J. H. WILKINSON 


From the Department of Chemical Pathology, Westminster Medical School 
(Unwersity of London), Horseferry Road, London, S.W. 1 


(Received 20 April 1954) 


The recent discovery by Gross & Pitt-Rivers (1952a, 6; 1953a, 6) and Roche, 
Lissitzky & Michel (1952a, b) of the occurrence and metabolic importance of 
3:5:3’-triiodo-L-thyronine has created interest in its relationship to thyroxine 
in the body. It has also provided an explanation of the effects of compounds, 
such as butyl 4-hydroxy-3: 5-diiodobenzoate (BHDB), which antagonize the 
metabolic action of thyroxine (Sheahan, Wilkinson & Maclagan, 1951; Mac- 
lagan & Wilkinson, 1952). Since this drug enhances the action of triiodo- 
thyronine, it is probably acting by inhibiting the deiodination of both thyroxine 
and triiodothyronine (Maclagan, Sprott & Wilkinson, 1952; Wilkinson & Mac- 
lagan, 1953; Wilkinson, Sprott, Bowden & Maclagan, 1954; Wilkinson & 
Maclagan, 1954). During the course of this work a considerable amount of 
information was collected which suggested that triiodothyronine underwent 
deiodination to a much greater extent than thyroxine. The work described in the 
present communication was carried out in order to investigate this possibility 
and also to study the retention of exogenous thyroxine and triiodothyronine in 
the rat. Observations were also made on the effect of BHDB on these processes. 

The rates of deiodination were studied by measuring the radioactivity of the 
urine of rats injected with either thyroxine labelled in the 3’:5’ positions with 
181] or triiodothyronine similarly labelled in the 3’ position. Methods similar to 
those described in earlier papers were used (Wilkinson e¢ al. 1954; Wilkinson 
& Maclagan, 1954). Together with faecal measurements, the results obtained 
gave an indication of the total rate of excretion of the two substances. Their 
retention was also studied by measuring the radioactivity of the whole animal 
under defined conditions. 

METHODS 

Materials. $:5:3'-Triiodo-L-thyronine labelled in the 3’ position with ™I was prepared by the 
method of Wilkinson & Maclagan (1954). For administration to rats, a concentrate containing 
100 pg/ml. in 50% w/v aqueous propylene glycol was diluted with physiological NaCl solution 
(0-9% w/v NaCl) to produce a solution containing the required dose in | ml. 
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Radioactive thyroxine (3’:5’-""I) in 50% w/v aqueous propylene glycol, purchased from the 
Radiochemical Centre, Amersham, was prepared for injection in a similar manner. 

Immediately before using either solution, paper chromatograms were run in order to check the 
purity of the materials. These were developed as autoradiographs and by the method of Bowden 
& Maclagan (1954). 

Collection and measurement of radioactivity in excreta. Groups of three male rats were kept in 
metabolism cages from which the urine and faeces were collected daily and the radioactivity 
measured. The general procedure was substantially the same as that already described (Wilkinson 
et al. 1954). In all studies involving measurement of the excreta, labelled triiodothyronine or 
thyroxine was injected subcutaneously. 


Fig. 1. Special cage used for taking counts of the radioactivity of the whole animal. A, G. 10 
counter tube; B, black paper tube to protect counter against light; C, several thicknesses of 
filter paper to prevent contamination of floor of cage by excreta. 


Measurement of retention in whole animal. In these experiments, male rate each weighing 
200 +5 g, fed on stock diet and tap water ad lib., were kept in ordinary cages and identified by ear 
clipping. After intraperitoneal injection with “*I-labelled triiodothyronine or thyroxine (approx. 
2 yc), each animal was introduced individually into a specially constructed counting chamber which 
did not permit lateral movement and restricted forward movement to a few millimetres. The upper 
side of the cage carried clips for a G. 10 counter tube (20th Century Electronics Ltd.) which was 
protected from light and connected to the scaler. The apparatus is illustrated in Fig. 1. The cage 
was surrounded by a shield of lead bricks. A background count of about 50/min was obtained. 
When a rat was introduced the floor of the cage was protected from contamination with excreta 
by several layers of filter-paper which was changed when necessary. Counts were made at inter- 
vals of 24-5 hr on each animal for a total of 31-35 hr. In order to obviate errors due to excessive 
movement of the animals, counting was continued for three separate minutes. It was found that 
the counts rarely differed by more than 5%, but on the few occasions when they did, further 1 min 
counts were made, and an average taken. After applying a correction for decay, the results were 
expressed as a percentage of the dose, i.e. the highest count reached for each rat. 


RESULTS 
Relative rates of deiodination of thyroxine and triiodothyronine in rats. The 
indication that triiodothyronine releases iodide more readily than thyroxine 
was obtained from earlier work (Wilkinson et al. 1954; Wilkinson & Maclagan, 
1954), but the results did not include direct comparisons carried out at the 
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same time nor was the dosage of the two substances equimolecular. To repair 
this omission an experiment was carried out in which the urinary iodide of two 
groups of rats which received radioactive triiodothyronine (10 ug/rat) was 
compared with that of two similar groups injected with equimolecular doses of 
labelled thyroxine (12 pg (0-0155 pwequiv)/rat). The results of this and previous 
experiments are summarized in Table 1. 


Tasxe 1, The urinary radioactivity of rate after single doses 
of labelled triiodothyronine or thyroxine 


(Each row of figures refers to the mean of two or more measurements of the combined exoretion 
of groups of three rats.) 


Percentage of dose excreted after 
Dose (ug) "24 he 72 hr 120 hr 
Triiodothyronine 

4 12-2 18-9 19-3 

6 14-6 24-2 25-5 

10 17-0 25-3 27-1 

20 19-1 25-2 26-7 

17-1 26-9 27:3 

50 18-6 24-4 25-7 

No. of observations 1 16 16 
10-5—23-2 17-1-37-4 17-7-39-5 
Mean + 16-8 + 0-96 24-3 + 1-33 25-5 + 1-36 
Thyroxine 

4 6-9 16-7 17-7 

12 12-4 18-8 19-7 

. 20 18-7 25-5 26-2 

30 16-7 23-5 24-7 

50 11-1 181 18-8 

100 79 14-4 14-7 

No. of observations 14 14 14 
5-2-19-3 14-0-26-3 14-6-27-0 
Mean + 8.8, 12-14+1-10 19-3+41-10 20-2 41-13 
Pt 0-001-0-01 0-001-0-01 0-001-0-01 


* The probabilities given indicate the significance of the difference between the thyroxine and 
triiodothyronine results at each time interval. 


It will be observed that the percentage of the dose excreted in the urine was 
higher after triiodothyronine than after thyroxine at all times studied, and also 
that it was independent of the dose. It has previously been shown that the 
radioactivity in the urine in such experiments consists almost exclusively of 
iodide whereas that in the faeces is mainly due to thyronine derivatives 
(Wilkinson et al, 1954). 

Faecal excretion of thyroxine and triiodothyronine. The faecal excretion ob- 
served in these experiments is recorded in Table 2. In the case of triiodo- 
thyronine the percentage excreted appears to be independent of the dose, but 
after the administration of thyroxine, the percentage excreted increases pro- 


gressively with increasing dosage. 
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TaBiE 2. The faecal radioactivity after the administration of single doses 
of labelled triiodothyronine and thyroxine to rats 


(Each row of figures represents the mean of two or more observations of the combined excretion 
of groups of three rats.) 


Percentage of dose excreted after 
Dose (ug) 24 hr 48 hr 120 hr 
Triiodothyronine 
4 31-3 43-5 49-7 
6 40-4 52-7 (57-8 after 72 hr) 
10 31-0 413 
20 31-2 39-5 43-2 
30 27:3 
50 39-2 48-8 (50-9 after 72 hr) 
No. of observations 16 16 
Range 25-8-47-2 36-7-59-3 
Mean + 8.8. 33-8 + 1-45 44-541-47 
Thyroxine 
4 14-7 asi 31-4 39-2 
12 23-7 38-3 45-3 
20 28-1 45-9 51-5 
30 27-5 49-4 56-0 
50 38-5 58-4 64-1 
100 51-5 69-6 775 


Effect of BH DB. The effects of BHDB on the urinary and faecal radioactivity 
after labelled triiodothyronine and thyroxine are shown in Tables 3 and 4. The 
figures show that in both cases the marked reduction in urinary output as 
iodide previously reported (Wilkinson et al. 1954; Wilkinson & Maclagan, 
1954) is generally balanced by increased faecal excretion. The total rate of 
excretion both of thyroxine and of triiodothyronine is thus not significantly 
altered by BHDB. The relation between the percentage of the dose excreted 
in the faeces and the dose observed in Table 2 in the case of thyroxine seems to 
apply also in the presence of BHDB, but no such relation holds for triiodo- 
thyronine whether BHDB is present or not. 


TABLE 3. The effect of BHDB on the total excretion of **I-labelled triiodothyronine in rats 


(Each row of figures refers to the mean of two or more measurements of the combined excretion 
of a group of three rats.) 


Percentage of dose excreted 
triiodo- Period of Period of 
thyronine collection collection 
(ug /rat) BHDB* Urine (days) Faeces (days) Total 
6 Absent 25-5 5 57-8 3 83-3 
6 Present 110 5 64-9 3 75-9 
30 Absent 27-3 5 45-5 5 72-8 
30 Present 9-8 5 60-4 5 70-2 
50 Absent 25-3 4 50-9 3 76-2 
50 Present 10-2 4 63-8 3 74-0 


* See text for dosage of BHDB. 


. 
= 
{ 
4 
| 
h 
Z 


METABOLISM OF THYROXINE AND TRIIODOTHYRONINE 409 
Tass 4. The effect of BHDB on the total excretion of "I-labelled thyroxine in rate 
(Each row of figures refers to the mean of two or more measurements of the combined excretion 
of a group of three rate.) 
Percentage of dose excreted 
Dose of : Period of Period of 
thyro collection 
(ug/rat) BHDB* Urine (days) Faeces (days) Total 
4 Absent 17-7 5 39-2 5 56-9 
4 Present 8-3 5 50:1 5 58-4 
20 Absent 26-0 4 51-0 4 770 
20 Present 7-4 4 75-6 4 83-0 
100 Absent 14-7 5 775 5 92-2 
100 Present 3-6 5 75-6 5 79-2 
* See text for dosage of BHDB. 
100 
© 
90 
§ 
30 
20 + 
10 
Hours after injection 
Fig. 2. Typical curves showing the retention of thyroxine and triiodothyronine in the intact rat. 
©, rat injected with 24 ug 3’:5’-I-thyroxine; @, rat injected with 20 ug 3’-"I-triiodo- 
thyronine. 
Retention of triiodothyronine and thyroxine in rats. The above results indicated 
, that it would be desirable to compare the rates of excretion of triiodothyronine 


and thyroxine by direct measurement of the amounts retained in the ani- 
mals, Equimolecular doses (0-031 pequiv, 20 ng 3’-I-triiodothyronine and 
24 wg 3’:5’-181]-thyroxine) were given intraperitoneally and the retained radio- 
activity was measured by counting the whole animal as described above. 
Typical curves obtained with single animals are shown in Fig. 2, while the 
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results obtained with groups of six rats are summarized in Table 5. One of the 
rats in the triiodothyronine group had to be excluded from the experiment 
because of refection. 

It will be seen that the residual radioactivity was considerably greater at all 
times studied in the animals treated with thyroxine as compared with those 
treated with triiodothyronine. This is also shown by the times required for each 
animal to reach 50%, of the initial radioactivity (Table 6) which showed 
a highly significant difference between the two groups. 


Tasxe 5, Comparative retention of equimolecular doses (0-031 pequiv) 
of labelled triiodothyronine and thyroxine in rats 


Percentage of dose retained 
Hours after (mean of 5 obser 
injection* vations+8.2.) vations + 8.E.) "s test 
4-7 91-6+3-4 91-6+43-3 
75 62-7+6°5 84-3414 P 00612001 
9-9 49-24+4-7 73-3431 P 0-001-0-01 
13-2 33-0+3-9 61-0+4-6 P 0-001-0-01 
17-2 23°7+3-4 45-9+6-1 P0-01 -0-02 
21 15-4+42-2 37-3456 P 0-001-0-01 
26 14042-7 32-8+5-0 P0-01 -0-02 
29 29-244-7 
35 8541-5 21-443°5 P0-01 -0-02 


* These figures represent the average times at which readings were taken. It required about 
1 hr to complete each set of measurements and consequently the times quoted are correct to 
within 0-5 hr. 


TaBLE 6, Effect of BHDB on 50% retention times for triiodothyronine 


and ‘thyroxine in rats 
50% Retention time (hr) 
No. of A = 
Dose observations Range Mean + 8.8. t's test 
Triiodothyronine 5 7-2-11-5 9-8+0-61 
0-031 pequiv) P <0-001 
6 11-2-22-2 16-6 + 1-25 
Triiodothyronine 6 10-9-14-1 11-9+0-48 
(25 wg) N.S. 
Triiodothyronine 6 12-0-17-3 13-8340-74 
(25 wg) + BHDB 
yroxine 6 13-8-18-9 16-5+0-72 
(10 pg) NS. 
yroxine 6 13-5-17-8 15-6+0-71 
(10 wg) + BHDB 


The figures quoted in Table 5, which depend upon counts of the whole 
animal, are somewhat different from those which may be deduced from 
Tables 1 and 2 which depend upon measurements of the excreta. This dis- 
crepancy is probably due to differences in rates of absorption from the sites 
of injection (intraperitoneal in the former and subcutaneous in the latter) and 
to the relative restriction of movement imposed on the animals kept in meta- 
bolism cages during the experiments summarized in Tables 1 and 2. This 
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difference does not, of course, affect the validity of the conclusions drawn from 
the two series of experiments since in each case direct comparisons of triiodo- 
thyronine and thyroxine were made. 

Similar experiments involving the measurement of the radioactivity of the 
whole animal were carried out to determine the effect of BHDB upon the 
retention of triiodothyronine and thyroxine. Each animal in the BHDB 
groups received 50 mg orally the day before the triiodothyronine (8-3 yg) or 
thyroxine (10 4g) was injected and 25 mg orally on each of the next 2 days. 
The control groups received triiodothyronine or thyroxine only. 


TaBLE 7. Effect of BHDB on the retention of radioactive thyroxine 


and triiodothyronine in rate 
: Percentage of dose retained 
Thyroxine 
yro roxine + Significance 
Hours after (mean of 6 obser- (mean of 6 obser- of 
injection vations) vations) difference 

6-3 92-4 + 2-67 94-04 2-98 NS. 
10-1 75-9+2-73 81:24+6-44 NS. 
13-0 64:843-74 61-14.5-69 N.S. 
16-8 50-2+3-08 46-5+46-01 NS. 
20-4 38-8 + 1-90 30-6 + 4-24 NS. 
26-0 36-0 + 1-27 22-5 + 4-93 P 0-01-0-02 
34-0 24-7 + 1-66 11-9+1-50 P<0-001 

Triiodothy- 
Triiodoth ronine + BHDB 
(mean of 6 obser- (mean of 6 obser- 
vations) vations) 

5-3 96-5 + 1-09 95-6 + 2-40 N.S. 

8-1 90-6 + 2-50 85-6 + 2-53 N.S. 
10-5 70'2+5-10 81-6+3-20 N.S. 
14-0 39-2+3-93 50-444-71 
18-7 25-8 + 2-20 27-5 4+3-93 
24-3 21:74+2-29 17-141-48 NS. 
31-2 17-242-43 12-141-24 NS. 


The results, which appear in Table 7, show that BHDB exerted no significant 
effect upon the total rate of excretion of thyroxine until after 20 hr, after 
which rats treated with thyroxine alone excreted it at a slower rate than those 
which received BHDB as well. This is probably due to greater retention by the 
thyroid of radio-iodide produced by breakdown of the thyroxine in the former 
group. This is likely because BHDB, while reducing the extent of this process, 
must also reduce the amount of radio-iodide available for concentration in the 
gland. Moreover, by acting as a source of iodide (Wilkinson et al. 1954) it 
would cause the gland to be saturated with non-radioactive iodine, thus supple- 
menting the effect mentioned by reducing the retention of radioactive iodine 
from the thyroxine. 

The table also shows that even less effect was obtained with triiodothyronine, 
where the accelerating effect of BHDB in the later stages of the experiment 
was suggestive, but not statistically significant. 
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The times required for the retention of the dose to fall to 50% in these 
experiments are included in Table 6. It is noteworthy that small changes in 
the doses of triiodothyronine and thyroxine have produced no significant 
alteration in the 50°% excretion times, the former still being excreted at a sub- 
stantially more rapid rate. 

DISCUSSION 

The results described above show that after the administration of triiodo- 
thyronine to normal rats a significantly greater percentage of the dose appears 
in the urine as iodide than after thyroxine. This is almost certainly due to 
a difference in the rates of deiodination of the two substances, but we are 
indebted to the referee for drawing our attention to another possible inter- 
pretation. Gross & Pitt-Rivers (19526, 1953) have shown that, in its effects 
on the inhibition of thyrotrophin secretion by the pituitary, triiodothyronine 
is about 4 times as active as thyroxine. It is conceivable therefore that, in 
the rats given triiodothyronine, pituitary inhibition might have been greater 
than in the case of those injected with thyroxine. The thyroxine-treated 
animals might therefore accumulate in the thyroid a larger fraction of the 
iodide produced. 

Several factors, however, lead us to reject this alternative explanation. 
First, all the rats were fed on a diet probably rich in iodine, and any “'I-uptake 
by the thyroid glands would therefore be minimal. Secondly, the extent of 
pituitary inhibition with either substance must be related to the dosage and, 
if these pituitary effects were the correct explanation of the differences in the 
output of urinary iodide, then the differences should disappear when the doses 
were large enough to cause maximal pituitary inhibition. In fact the same 
effects were observed with small (4 zg) as with large unphysiological (100 yg) 
doses. Moreover, the output of urinary iodide after the administration of 
thyroxine is only slightly greater in thyroidectomized rats than in intact rats 
(unpublished work; also Roche, Deltour & Michel, 1953; Wilkinson & Feetham, 
1954). We may therefore conclude that triiodothyronine undergoes deiodina- 
tion at a more rapid rate than thyroxine in intact rats. 

This is the reverse of what occurs in simple aqueous solution, for Wilkinson 
et al. (1954) showed that thyroxine solutions contain appreciable quantities of 
iodide after storage at pH 8-9 for a few days, whilst Wilkinson & Maclagan 
(1954) found that triiodothyronine was quite stable under the same conditions 
for 3 weeks or more. The possibility that either substance was contaminated with 
iodide was excluded by preliminary chromatographic examination, the method 
used being approximately 10 times as sensitive to iodide as to thyronine 
derivatives. It would, therefore, appear that deiodination in vivo is a function 
of a biological system the character and location of which are at present 
unknown. Such a system has previously been suggested to explain the actions 
of the anti-thyroxine substance, BHDB, on the metabolic effects of thyroxine 
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(Sheahan, e¢ al. 1951) and of triiodothyronine (Maclagan et al, 1952; Maclagan 
& Wilkinson, 1952). Our findings also indicate that these metabolic effects of 
BHDB cannot have been due to any influence of the drug on the total retention 
of thyroxine or triiodothyronine by the animals. The hypothetical deiodinating 
system cannot, however, be identical with the desiodase demonstrated in 
thyroid and other tissues by Roche, Michel, Michel & Lissitzky (1951) which 
was shown to catalyse the deiodination of mono- and diiodotyrosine but to have 
no effect upon thyroxine or triiodothyronine (Michel, 1952). 

Our results correlate well with those of Rawson, Rall, Pearson, Robbins, 
Poppell & West (1953) and Lerman (1953) who showed that the metabolic 
effects of triiodothyronine were more rapid and less prolonged than those of 
thyroxine. Rawson et al. (1953) measured the disappearance rates of the two 
substances labelled with ™"I in athyreotic euthyroid human subjects and found 
the half life of triiodothyronine to be 2-5 days whilst that of thyroxine was 
6-12 days. These results are to be compared with our figures of 9-8 hr for the 
50% excretion times of triiodothyronine and 16-6 hr for thyroxine in normal 
rats (Table 6). 

No other figures for the biological half-life of triiodothyronine have come to 
our notice, but values for thyroxine in man range from 3-8 days in a cretin 
(Albert & Keating, 1949) to 8-3 days in a case of untreated myxoedema 
(Recant & Riggs, 1952; Benua, Albert & Keating, 1952). O'Neal & Hein- 
becker (1953) obtained a figure of 16-2 hr for the mean half-life for the dis- 
appearance of endogenous thyroid hormone in hypophysectomized dogs after 
treatment with thyrotrophin. O’Neal (1953) found that in thyroidectomized 
dogs the half-life times for the disappearance of protein bound iodine from the 
plasma ranged from 6-7 to 13-6 hr after a dose of 5000 ug of thyroxine, and 
from 18-3 to 27-7 hr after 500 ng. This author has suggested that the much 
more rapid rate of disposal at the higher dose may be due either to the accelera- 
tion by thyroxine of its own metabolic destruction, or to a more rapid rate of 
excretion after the larger dose. Our measurements of the faecal and urinary 
output (Tables 1 and 2) show quite clearly that there is a significantly faster 
rate of excretion at higher dose levels. Moreover, the urinary iodide which is 
a measure of the extent of metabolic breakdown of thyroxine does not show 
any such rise with increasing dosage. It appears, therefore, that the second of 
O’Neal’s suggestions is the correct one. 

No satisfactory explanation can at present be given for the difference 
between the effect of dose variation upon faecal excretion (Table 2) in the 
cases of thyroxine and triiodothyronine. It must, however, be borne in mind 
that the first stage of reductive deiodination of thyroxine labelled with ™I in 
the 3’:5’ positions must give rise to a radioactive product, whereas the pro- 
ducts of a similar breakdown of 3’-"J-triiodothyronine will be non-radioactive. 
Measurements of the faecal radioactivity of rats treated with labelled thyroxine 
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may, therefore, include partially deiodinated material, whilst that from ani- 
mals treated with labelled triiodothyronine can only consist of the unaltered 
substance. Similarly, measurements of the urinary iodide in experiments using 
labelled thyroxine, such as those in Table 1, will include that resulting from 
further breakdown of the primary product. The results reported in Table 2 
with intact rats are quite different from those of Roche et al. (1953) who found 
only traces of radioactivity in the faeces of thyroidectomized rats injected with 
labelled thyroxine (5 yg/rat). 


SUMMARY 
1. Thyroxine labelled in the 3’:5’ positions with ™I and triiodothyronine 
similarly labelled in the 3’ position have been injected into rats and the urinary 
and faecal radioactivity studied. 

2. Triiodothyronine was deiodinated at a substantially greater rate than 
thyroxine in the intact rat at a number of different dose levels. 

3. The percentage of the dose of triiodothyronine excreted in the faeces was 
independent of the dose, but in the case of thyroxine the percentage of the dose 
excreted in the faeces increased in proportion to the dose. 

4. After single injections triiodothyronine was retained in the animal for 
a shorter period than thyroxine. With doses of 0-031 wequiv/rat the mean 50% 
retention times were 9-8 hr for triiodothyronine and 16-6 hr for thyroxine. 

5. The anti-thyroxine substance butyl 4-hydroxy-3:5-diiodobenzoate 
(BHDB) exerted little significant effect upon the overall retention of either 
substance in rats, with the exception of some acceleration of thyroxine excre- 
tion from 26 to 34 hr after injection. 


The work was aided by grants from the Governors’ Discretionary Fund of Westminster Hospital 
and from the Medical Research Council, to whom grateful acknowledgement is made. We also 
wish to thank Miss Shena Anderson for skilled technical assistance. 
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NERVOUS MECHANISMS AND DARK-ADAPTATION 


By G. B. ARDEN anv R. A. WEALE 


From the Group for Research in the Physiology of Vision, Medical 
Research Council, Institute of Ophthalmology, London 


(Recewed 22 January 1954) 


It is generally accepted that the central fovea has a much higher absolute 
visual threshold for white light than any other part of the retina (cf. Parsons, 
1924). This has been recently confirmed by a number of workers (Crawford, 
1940; Pirenne, 1948; Sloan, 1950; Harms, 1950) who measured the absolute 
threshold as a function of retinal eccentricity. Craik & Vernon (1941), on the 


other hand, found that the difference in threshold between foveal and extra- 


foveal regions was greatly reduced when the test-field subtended at the eye an 
angle of only 10’ instead of 4-2° as used by the other authors. Working with 
an even smaller field of 2-7’, Arden & Weale (1954) found that the thresholds 
of the central fovea and the parafovea at 8° were very nearly equal. It would 
be of interest to know how field size affects the relation between the foveal 
and extra-foveal thresholds, and whether it has any effect on the rate of dark- 
adaptation. 
METHOD 


Apparatus. A Crookes adaptometer was used. This instrument consists of a white opal adapting 
light and a separate white circular test field of variable intensity. The adapting light surface is 
a concave bowl enabling the observer uniformly to light-adapt a very large part of his retina by 
holding his head close to it. The test field is another white diffusing surface. The intensity of the 
light source which illuminates it is kept constant with the aid of an ammeter and a rheostat. The 
light reflected from this surface passes through neutral density filters and polaroids before reaching 
the observer's eye, so that the intensity of the test field can be varied by factors ranging from 
0 to 10°. 

Field sizes. The full test field of the adaptometer (7°) was used only in the extra-foveal measure- 
ments. Smaller field sizes were provided by holes punched in disks, which were placed in front of 
the diffusing screen. One disk had a hole in it which subtended 15’ at the observer's eye: in 
another there was a small triangular hole whose sides subtended 2-7’. The size of this hole was 
determined by projecting an enlarged image of it on to a graduated screen, and calculating the 
magnification. 

Fization. The Crookes adaptometer is fitted neither with a chin rest nor with a fixation spot; 
they were added to improve viewing conditions. The fixation spot was a minute hole, covered by 
a red (Ilford 609) filter and lit by a torch bulb. In the extra-foveal experiments it was placed at the 
side of the adaptometer, so that the angle between the direction of fixation and the direction of 
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viewing was 8° in the left nasal visual field. In the foveal measurements a cover-slip was fastened 
to the screen limiting the size of the test field, and inclined at a small angle to the screen so 
that an image of the fixation spot which was behind the observer could be reflected into his eye. 
The luminance of the fixation spot could be varied by a neutral density wedge placed in front 
of it. No artificial pupil was used. 

Calibration. The linearity of the polaroid scale was checked at every point by means of a cali- 
brated Edgecumbe photometer. The densities of the filters were similarly confirmed and the 
absolute values of the polaroid scale checked in terms of the D=1 filter. The luminances of both 
the test and the adapting fields were measured by comparing them visually with the light reflected 
from a magnesium oxide screen juxtaposed to each in turn; the luminance of the comparison 
light was measured with a Holophane photometer. The test-field luminance was 4-7 x 10° nL 
(nano-Lambert = 10-* L) and that of the adapting field 9-4 x 10’ nL. Since in the peripheral small 
field tests a higher light intensity was required for the initial stage than could be obtained from 
the instrument lamp, it was replaced with a car headlamp bulb run off a 6 V accumulator. The 
luminance of this source was determined by comparing it with the calibrated source. 

Observers. The observers, G. B.A. and R.A.W., had previously done the experiments on the 
intensity variation of the latent period of vision (Arden & Weale, 1954). G. B.A. was 23, R.A. W. 
30 years old. The present experiments were done with the left eye only; G.B.A.’s vision in this 
eye was normal and R.A. W. wore his usual +2D correction. 

Procedure. On entering the blacked-out laboratory, the observer exposed his left eye to the 
adapting light for 5 min. The test field was set at an intensity which could be perceived a few 
seconds after the adapting light was turned off. (This was determined in a pilot experiment.) The 
operator then switched off the adapting light, and timed the moment when the observer could 
first see the test field. Then the intensity of the test field was reduced, and the moment when the 
dark-adapting observer saw it again was noted. The steps by which the intensity of the test field 
was reduced were varied so as to introduce a random element into the measurements. The 
observer operated only the control of the fixation spot. If this is at threshold at the onset of 


tends to interfere with foveal measurements. 


RESULTS 


The results are shown in Figs. 1 and 2. The ordinate represents the log. 
threshold luminance of the test-light in nL (nano-Lambert = 10~* L) at times 
¢t in minutes, shown along the abscissa. ¢ refers to the time in the dark after 
exposure to the adapting light (9-4 x 10’ nL) has ceased. 

Fig. 1A shows the results obtained with the 2-7’ field at an eccentricity of 
8° in the right horizontal field of the left eye, Fig. 1B those for the central 
fovea. Data obtained for the same extra-foveal region with the large field 
(angular diameter 7°) are shown in Fig. 1C. The circles refer to G.B.A., the 
crosses and asterisks to R.A.W. The number of runs for each set of data is 
presented in the legend to Fig. 1. The curves were drawn free-hand, the 
continuous line referring to G.B.A.’s and the broken one to R.A. W.’s data. 

The para-foveal 7° data, C, gave a curve of orthodox shape. A fairly rapid 
initial drop 1 in threshold is followed by a temporary flattening until, after some 
6 min in the dark, the threshold shows a renewed and rapid decline. After 
a total of 20 min in the dark the adaptation slows again, and the decrease in 
threshold, as measured on a logarithmic scale, becomes very small indeed. The 
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Fig. 1. Dark-adaptation curves measured in the extra-fovea at 8° (field size: A, 2-7’; C, 7°) and 
in the fovea (B, 2-7’). Observations by G.B. A.: circles and interrupted curves. No. of runs: 
A, 2; B, 2; C. 3. Observations by R.A. W.: crosses and continuous curves. No. of runs: 


A, 2; B, 3; 0, 
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early and late parts of this curve are generally said to represent cone and rod 
adaptation respectively, although Craik & Vernon (1941) obtained a similar 
bipartition in the dark-adaptation curve when examining the rod-free part of 
the fovea with a 10’ field. Their preliminary light-adaptation, however, was 
done at a very high level (12,000 e.f.c.). 

The measurements of extra-foveal dark-adaptation, as measured with the 
2-7’ field (Fig. 1A), which is much smaller than any used in previous experi- 
ments, reveal two points. The thresholds are higher than those measured with 
the large field, and the knee in the dark-adaptation curve is less pronounced ; 
moreover, whereas G.B.A.’s final threshold was lower than R.A. W.’s in the 
7° measurements, the reverse was true in the 2-7’ tests. A comparison of the 
measurements in Table 1 shows the average extra-foveal thresholds measured 
for each observer after 8 and 20 min in the dark, i.e. in the so-called ‘rod’ 
portion of the curve. The last column gives the corresponding log. ratio of the 
thresholds measured with the two fields. Thus the threshold of a large retinal 


area decreases in this interval to a greater extent than that of a small one. | 


This conclusion is supported by the greater rate of ‘rod’ adaptation as 
revealed by the use of a larger test-field. 


TaBLe 1. Average threshold values after dark-adaptation has proceeded 
for 8 and 20 min 


Threshold (log J nL) measured with 
test-field 


Time 
in dark A 
Observer (min) 2-7’ 7° Difference 
G. B.A. 8 5-750 2-653 3-097 
20 4-500 0-233 4-267 
R. A.W 8 5-688 2-653 3-035 
20 4-222 0-705 3-517 


Fig. 1 also shows the results obtained with the small 2-7’ field in the central 
fovea. These differ from the extra-foveal data in the precipitous fall during the 
first minute or two, when nearly the final threshold was reached. The latter has 
approximately the same value as the one measured with the small field viewed 
extra-foveally. The foveal, unlike the extra-foveal, data show no knee. Just 
as in the extra-foveal 2-7’ tests, R.A.W. is somewhat more sensitive than 
G. B.A. 

Fig. 2 shows a comparison between these foveal 2-7’ measurements ‘With 
others done with a 15’ field. The ordinate and abscissa are similar to those in 
Fig. 1. The final threshold reached with the larger field was lower and the 
initial adaptation was more precipitous than with the smaller 2-7’ field. In 


these, as in the extra-foveal large-field tests, G. B. A.’s threshold was the lower 
of the two. 
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7 Minutes in dark 10 
Fig. 2. Dark-adaptation curves measured with a 15’ field in the fovea. The 2-7’ curves are copied 
from Fig. 1 for purposes of comparison. Observations by G.B.A.: circles and interrupted 
lines, 2 runs. Observations by R.A. W.: crosses and continuous lines, 2 runs. 


DISCUSSION 


Area-threshold relations. When the eye is dark-adapted, the threshold 
intensity J is found to be related to the area A of the test-field by the expression 


I x A*=constant. 


When z=1, the relation is called Ricco’s law: it is valid in the fovea when 
A = 50’ (Parsons, 1924), and in the periphery when A ~ 60’ (Graham & Margaria, 
1935). When z= 4, it is known as Piper’s Law; this is applicable in extra-foveal 
regions when A < 10° (cf. Parsons, 1924). The ‘constants’ have recently been 
interpreted by Baumgardt (19494), but are not relevant to the present work. 
x may be considered to be a measure of the integration taking place in the 
retina. If integration is perfect, s=1. If, on the other hand, the threshold is 
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independent of the area of the test-field, s=0, in which case no integration 
is taking place. It follows that a variation in the index z represents a variation 
of the integrating power of the retinal area under test. 

The values of z can be calculated for each observer from the data in Table | 
and are shown in Table 2. 


Tasie 2. Values of z (see text) 


Time in dark 
Observer 8 min 20 min : 
G. B.A. 0-67 0-92 
R.A. W. 0-65 0-76 


This is to say that, with increasing dark-adaptation, the integrating power 
of the retina improves. 

Both times, namely 8 and 20 min after the eye has been exposed to the 
adapting light, refer to that portion of the dark-adaptation curve which 
Hecht, Haig & Wald (1935), and others, assert as measuring the decrease in 
the threshold of the rod-mechanism only. It is noteworthy that the increase 
in integration occurs only in the later stage of the so-called rod-adaptation. 
Since, in the early stage, retinal integration is not as complete as after 20 min, 
part of the adaptive process consists in the growth of the receptive field. This 
view is at variance with the one originally held by Hecht and his school, and 
upheld in America even now (cf. Mote, Riopelle & Meyer, 1950): according to 
this, the process of dark-adaptation is due entirely to the accumulating visual 
purple in the rods. The observed temporal variation in the ratio of thresholds 
measured with a large and a small field respectively could be explained on this 
view only by arguing that a larger amount of visual purple is regenerated more 
easily than a small one. But this is absurd. Assuming that the exposure of the 
eye to light involves a certain measure of bleaching of visual purple, the present 
writers believe that dark-adaptation consists of at least two components: 
(a) the regeneration of the visual pigment, and (5) a re-organization of the 
neural paths (cf. Lythgoe, 1940; Craik & Vernon, 1941), be this by coupling 
or by selection (cf. Pirenne & Denton, 1952). Evidence for (6) has been given 
by Thomson (1949), and more recently by Bouman & Ten Doesschate (1953), 
who, by using a different method, obtained results similar to the present ones, 
albeit they refer to the early ‘cone’ portion of the dark-adaptation curve. 

Further support for the view that dark-adaptation is a composite process is 
obtained from a comparison of the rates of the ‘rod’ dark-adaptation as 
measured with the two field sizes. After 8 min in the dark the rate of dark- 
adaptation observed with the small field is 0-16—0-22 log. unit/min but with 
the large field 0-44 log. unit/min. An explanation postulating a neural rather 
than a photo-chemical basis of this effect is once again more plausible. 
Hecht et al. (1935), who measured dark-adaptation with centrally fixated 
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fields of varying angular diameter, observed that the ‘rod’ portion of the 
curve started sooner, and dropped more precipitately as the field size (and 
thus the number of rods tested) was increased. This finding, similar to our own, 
can be interpreted most simply on a neural basis (cf. Weale, 1953). Since the 
size of the threshold test-field cannot affect neural organization, and the 
response remains constant, it can only reveal the behaviour of various sizes 
of retina. The 2-7’ field can be assumed to be so small as to test the dark- 
adaptation of a very small number of receptors. The 7° field is larger than the 
summation area of the dark-adapted eye and thus tests the behaviour of 
a number of interacting groups. The rate of dark-adaptation and the sensitivity 
thus increase with the number of (potentially interlinked) groups. In fine, 
dark-adaptation curves measured with various field sizes at a given retinal 
eccentricity should enable one to decide whether the increase in the receptive 
field is continuous (Lythgoe, 1940) or abrupt (Pirenne & Denton, 1952). 

Differences between peripheral and foveal dark-adaptation curves. When dark- 
adaptation is preceded by only moderate light-adaptation, and measured in 
the rod-free area, a simple curve is obtained (Thomson, 1951). This is shown 
also in Fig. 1 B (test-field diameter 2-7’) and in Fig. 2 (test-field diameter 15’). 
The small-field adaptation curve measured in the periphery (curve A, Fig. 1) 
is composite. The first portion refers, in all probability, to the dark-adaptation 
of the peripheral cone-mechanism. It differs from the foveal in its slower 
initial rate and in its position along the ordinate. The peripheral cone-threshold 
is about 2 log. units higher than the foveal. This difference is probably both 
morphological and neural in nature. The morphological is connected with 
possible photo-chemical and topographical factors. The foveal cones are 
specially shaped and tightly packed. In the perifovea the cone-density is 
reduced to less than one-third of its foveal value: this might account for 
about 0-5 log. unit of the difference between the two cone-thresholds. Another 
physical factor, the light-absorption by the macular pigment, tends to reduce 
the difference by about 0-1 log. unit. The change in the effective pupil diameter 
when the test-field is moved from the central fovea to an eccentricity of 8° is 
too small to affect the issue; it approximately balances the effect of the macular 
pigment. The 1-5 log. units difference, unaccounted for by physical factors, 
might be due to the cone-pigment being optically much less dense in the 
peripheral than in the foveal cones. A more likely explanation of that dif- 
ference, however, is to be found in the structure of the retina. The foveal cone 
mechanisms may be more resistant to the preceding bright illumination. It is 
as though this wrought havoc with the retinal synaptic connexions: in the 
periphery, the cone pathways would have to spend some time in re-establishing 
the lines of communication; but in the fovea the damage done is much smaller 
since the internunciary structure is less complex, and the initial threshold 
can therefore be much lower. 
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Integration in the central fovea. Fig. 2 shows a comparison of the 2-7’ foveal 
data, taken from Fig. 1 (B), and others obtained in the central fovea with 
a 15’ field. The change in field size reveals a threshold change of about 0-7 log. 
unit with G. B. A. and one of about 0-3 log. unit with R.A. W. Thus an increase 
in field size leads to an appreciable lowering of the threshold. The law governing 
the relation between stimulus and field size cannot be expressed with any 
claim to general validity as Baumgardt (19495) has shown that a field size of 
8’ (i.e. one intermediate to those used in the present work) marks the transition 
between two different relations. 

The small-field foveal and extra-foveal absolute thresholds. When the threshold 
of the dark adapted eye is measured with a field which subtends only 2-7’ at 
the eye, the fovea and periphery are found to be almost equally sensitive. 
It is not known how many receptors are stimulated by fields of this small size, 
but the number must, be small and the effects of spatial summation minimized. 
The similarity between the two types of absolute threshold suggests that the 
optical densities for white light of the rod and cone pigments are approximately 
the same. This, again, is at variance with the orthodox view, according to which 
the density of cone pigments is very low, and their presence in retinal extracts 
therefore escapes detection. The present results suggest that the densities for 
white light of the rod and cone pigments are nearly the same, and that the 
photo-chemists’ failure to detect cone-pigments must be due to a property of 
these pigments other than immeasurably low densities. 

The astronomers’ trick. It has been known for a long time that stars, too 
faint to be visible by direct fixation, are seen when their image falls outside 
the fixation area. This has been quoted as an ‘every day’ piece of evidence for 
the division of retinal labour which exists in the eye, and which is generalized 
in the Duplicity theory. Indeed, it is one of the facts which has suggested that 
cones have a higher threshold than rods. This simple explanation is at variance 
with the present experimental results according to which the two thresholds 
are nearly the same. Two factors have been shown to have a marked effect on 
threshold measurements with fields of the order of 1°: the level of adaptation 
of the eye and the precision of fixation. Since star-gazers are generally dark- 
adapted when scanning the sky, only the latter factor will be considered. 
‘Indirect fixation’, which really means observation of an object which is not 
fixated, involves eye-movements of a magnitude greater than those occurring 
when the gaze is fixed (Ditchburn & Ginsborg, 1953). The indirect observation 
of a star thus leads to the stimulation of various groups of receptors in turn in 
a region where the integration of subthreshold stimuli is much more marked 
than in the fixation area. It follows that if a fixation point were provided, 
a star image which has an intensity lower than threshold for the central fovea, 
should remain invisible in indirect vision. In fact, the rate of local adaptation 
of the central fovea is negligible but rises rapidly with increasing eccentricity 
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(Cibis, 1948): this suggests that a suprathreshold star image should remain 
visible in the central fovea longer than outside it, again provided that fixation 
is adequate. 

This is easily verified when the night-sky is viewed as also is the fact that 
the extra-foveal sensitivity does not differ appreciably from the foveal when 
steady fixation is maintained. 


CONCLUSION 


The present experiment has revealed two points of interest. First, when the 
‘rod’ portion of the dark-adaptation curve is measured with small and large 
test-fields in the retinal periphery, the rate of adaptation is found to increase 
with the size of the test-field in the interval between 8 and 20 min after 
exposure of the eye to an adapting light. The simplest explanation of this 
finding is to assume that the size of the receptive field increases during dark- 
adaptation. The other noteworthy point is that the difference in threshold as 
between foveal and extra-foveal regions, observed when both are tested with 
fields subtending at the eye angles of the order of 1°, is entirely due to spatial 
summation. When its effect is reduced by the use of test-fields whose angular 
subtense is commensurate with that of each percipient element, foveal and 
extra-foveal thresholds of the dark-adapted eye are nearly equal. 

These two findings provide independent support for the belief in a nervous 
component of dark-adaptation. They invalidate the view that the introduction 
of various finesses into subjective measurements of dark-adaptation curves— 
such as varying the duration, intensity, or continuity of the preliminary light- 
adaptation—can yield any worth-while information as regards the dynamics 
of the photo-chemical processes underlying the visual act. 


SUMMARY 


1. Dark-adaptation curves were measured for two onde The central 
fovea and extra-fovea at 8° were examined with white fields subtending at the 
eye angles of 2-7’ and 15’ in the former, and 2-7’ and 7° in the latter instance. 

2. The foveal and extra-foveal absolute thresholds of the fully dark-adapted 
eye as measured with the 2-7’ field were found to be nearly the same. 

3. A comparison of the extra-foveal thresholds measured with the 2-7’ and 


_T° fields after dark-adaptation lasting 8 and 20 min respectively revealed that 


the integrating power of the retina increased with time. This suggests that 
part of the adaptive process consists in a change in the size of the receptive 
field. 


Our thanks are due to Dr L. C. H. 
Pirenne for valuable criticism. 
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Note added in proof 


We have now seen a paper by Baumgardt (1949c). From a slight extrapolation of a curve in 
which the ratio of extrafoveal/foveal thresholds was plotted as a function of the size of the test- 
field (6’~45’), he concluded that this ratio must be unity for minute fields. 

In a recent note to Nature, Rushton & Cohen (1954) reported results on dark-adaptation as 
obtained with field-sizes 2° and 3’ respectively. Their result, namely that the rate of dark-adap- 
tation of large retinal areas proceeds more quickly than that of small ones, superficially supports 
our own. However, this agreement is to be treated ‘with some reserve, since, in addition to 
changing the size of the test-field, these authors alter the exposure times: the 2° data were 
obtained with } sec flashes, the others with 7 msec flashes. 
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THE PRODUCTION OF AFTER-BURSTS IN ISOLATED 
UNANAESTHETIZED CEREBRAL CORTEX 


By B. DELISLE BURNS 
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(Received 1 February 1954) 


Previous experiments with slabs of neurologically isolated cortex (Burns, 1951) 
have shown that a few strong stimuli applied to the cortical surface will 
produce a series of bursts of neural activity which usually continue for many 
minutes after stimulation has stopped. On the other hand, a single stimulus 
to the surface of isolated cortex usually produces one response which spreads 
outward from the stimulated point in all directions and without attenuation. 
Behind the wave-front of this response neurones continue to discharge for 
a number of seconds and active areas of cortex remain electrically positive to 
resting tissue during this period. This response is conveniently described as 
a surface-positive burst and is believed to involve the discharge of a system of 
neurones whose cell bodies lie at a depth of 1-3 mm beneath the pial surface. 
For convenience these have been called type-B neurones (Burns & Grafstein, 
1952). If ten stimuli are given to the cortical surface at intervals of some 
3 sec, each stimulus will produce a response of the sort described above, but 
after the end of stimulation, ‘responses’ of an identical type continue to spread 
from the stimulated point, for a period which may be as long as an hour. 

It is a little difficult to provide such a phenomenon with a convenient name. 
One can scarcely use the word response since this usually implies a rather 
shorter and more predictable time-interval between stimulus and discharge 
than is actually observed. To describe the phenomenon as spontaneous 
activity would be to alter the accepted use of the phrase. The term after- 
discharge is usually employed in connexion with epileptiform or paroxysmal 
discharges of some system of cortical neurones following strong and frequent 
cortical stimulation. For want of a better name the term after-bursts is used 
throughout this communication to describe the periodic waves of excitation 
that may follow a few infrequent stimuli given to the surface of unanaes- 
thetized cerebral cortex. | 

This paper is a report of experiments whose purpose was to define the con- 
ditions necessary to setting up a focus for such after-bursts. 
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METHODS 

Preparation 

The preparation of slabs of neurologically isolated cerebral cortex in the unanaesthetized cat 
has been described before (Burns, 1951; Burns & Grafstein, 1952). The isolated area was cut from 
the suprasylvian gyrus. The majority of such preparations show no sign of neural activity 1 hr 
after completion. Occasionally, however, repeated bursts of spontaneous activity are seen ; these 
have usually stopped 2 hr after operation if no stimuli have been given to the preparation during 
this time. Frequently, this spontaneous activity can be brought to a permanent end by occluding 
the brain’s blood-supply for 20 sec, a procedure which causes no lasting change in cortical excita- 
bility. In a small minority of preparations this procedure fails to produce a silent slab and after 
the period of arterial occlusion spontaneous activity returns. In such cases the spontaneous 
bursts almost invariably originate from the same cortical area (which was presumably damaged 
at operation) and if the focus of their origin is at one end of the slab, the preparation can be made 
usable by applying a solution of 1% procaine-HCl to a small piece of filter paper over the 
offending focus. 


b c 

Fig. 1. The system used to identify the site of origin of after-bursts. The upper four records 
(a) are taken from a slab of isolated cortex using two channels of R-C coupled amplification 
arranged as shown in (6). These four records (a) show the first parts of after-bursts originating 
in sections A, B, C and £ of the slab. In (c) are shown schematically the potential changes 
observed with this recording system when after-bursts originate in sections A to 2. (The 
diagrams of (c) only refer to the relatively low frequency components of these potential 
changes.) 

The localization of active foci 


The bursts of activity which may follow a series of conditioning stimuli do not always originate 
from the stimulated point, and it is of considerable importance to identify the point of origin of 
each wave of excitation. Each burst is in every way similar to the surface positive response 
produced by a single stimulus (Burns, 1951). Since activity makes the cortical surface positive to 
inactive tissue, as excitation spreads beneath a pair of recording electrodes connected to an 
R-C coupled amplifying system a diphasic potential change is seen. During the first phase, the 
electrode nearest the point of origin of the burst becomes positive to the more remote electrode. 
Two channels of R-C coupled amplification made the use of four electrodes possible, and these were 
spaced so as to divide the length of the slab into five equal areas. Fig. 1 shows how this system 
reveals the rough localization of the origin of all spontaneous bursts. 
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Electrodes 


For stimulating and for recording with an R-C coupled amplifier from the brain’s surtace, light 
spring-loaded platinum electrodes were used (Burns & Grafstein, 1952). Where records from the 
brain’s surface were needed from a direct-coupled amplification system non-polarizable silk-wick 
electrodes were used (Burns & Paton, 1951). The same type of electrode was also used in those 
experiments where polarizing currents were passed between a lead on the cortical surface and the 
metal head-clamp which formed a diffuse contact with the animal's mouth. When direct-coupled 
records were required from points beneath the brain’s surface a micro, non-polarizable electrode 
was used. These electrodes were constructed by pulling out soft glass tubing so that the tips had 
an internal bore of some 10 » and were parallel-sided for a length of about 5 mm. They were filled 
with 0-9% NaCl and connected to the cathode-follower input through Ag/AgCl wire. The records 
of activity of individual cells in the grey matter were mostly obtained with soft-solder electrodes. 
These were made by pulling out pieces of soft-glass tubing containing within the heated portion 
a short length of solder. The first stage of this operation can be performed manually but the final 
shaping of the electrode is best done by allowing a weight to pull out the electrode tip while 
a micro-gas flame is played upon the glass. These electrodes had an internal bore of 7-15 » and 
a parallel-sided shaft of some 5 mm length. For connexion to the cathode-follower input a copper 
wire was fused into the solder pool at the butt of the electrode. Neither type of microelectrode 
could be pushed vertically through the pia-arachnoid without first causing considerable indenta- 
tion of the surface. An oblique insertion of the electrodes (at about 30° to the brain’s surface) 
usually allowed penetration without much visible deformation of the brain. In most of these 
experiments, however, deep electrodes were pushed into the grey matter parallel to the pial 
surface, penetrating the far edge of the slab where a piece of cortex had been cut away. This last 
procedure causes no deformation during insertion and avoids the risk of producing spreading 
depression (Le&o, 1944) which is present with the other methods of insertion. 

Recording equipment 

Recording electrodes of all types were connected to the two available channels of amplification 
through push-pull cathode-followers. The outputs of the preamplifiers could be fed into three 
instruments: 

(1) A loudspeaker unit designed 20 as to make signals from 0-10,000 c/s audible. (The amplified 
signal was mixed with a 1000 c/s sinusoidal potential and the resulting potential variation applied 
to an adjustable diode gate.) 

(2) ACossor double- beam oscilloscope no. 1049 with parallel tubes for photography and observa- 
tions. The time-base could be connected to either or both cathode-ray tubes. 

(3) A Sanborn pen-writing recorder. The amplification of this instrument is constant from 
0-60 o/s. 

In the majority of experiments three methods of recording were used simultaneously. (a) The 
origin of bursts was identified by watching the observation tube to which the time-base was 
connected, This required practice. (b) Relatively high-speed records with stationary spots and 
moving film during short periods of each experiment. (c) Continuous slow-speed records of cortical 
activity made with the Sanborn recorder. 

All the records of very slow potential changes were made by inserting mechanical choppers 
between the cathode-followers and preamplifier. These were arranged so that the push-pull inputs 
to the preamplifiers were short-circuited for about 0-5 msec 1200 times a second. The moving 
parts of these mechanical switches were air-driven reeds constructed on the principle of the mouth- 
organ. (In Fig. 9 a chopper driven at a much lower frequency was used.) Where no distortion of 
rapid changes of potential was permissible, the preamplifiers were d.c. coupled throughout. Each 
channel of amplification then provided a split-beam on the oscilloscope, one half of which indicated 
amplifier drift, while the separation of the two beams measured biological potentials plus cathode- 
follower and electrode drift. Where comparatively rapid changes of potential could be ignored, 
the amplifiers were R-C coupled and their output was either half-wave rectified for the oscilloscope 
or full-wave rectified for the Sanborn recorder. 
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Stimulation 

The stimuli used were electronically controlled rectangular pulses of constant potential. The 
durations used varied between 0-2 and 2-0 msec while the potentials varied from 1 to 8 V depending 
on the excitability of the cortex and the type of experiment, An electronic scaler (Potter Instru- 
ment Co.) was employed to give the animal pre-set numbers of stimuli. 

In those experiments in which the cortex was polarized through wick- or microelectrodes, the 
electrodes were connected through a comparatively large resistance (1-10 MQ) to a source or 
variable potential (0-400 V). 

Presentation of records 

In most of the experiments described, several features of the response to stimulation were being 
recorded simultaneously. This has led to a lack of uniformity in the types of record obtained. For 
the sake of simplicity, therefore, in those figures illustrating a series of after-bursts, each burst 
has been plotted as a black rectangle indicating the time at which it started and its duration. 
Actual records of responses during conditioning stimulation and of after-bursts have been published 
elsewhere (Burns, 1951). 

An inset diagram of the recording arrangements has been given in most of the figures and where 
relevant the overall time-constant of the recording system is marked beside a condenser-symbol in 


msec, 
Stim. 1 min 


Fig. 2. The timing and origins of a series of after-bursts following 60 stimuli at 1/sec 
given to the cortex in section 2. 


RESULTS 

The pownt of origin of after-bursts 

It has been claimed that after-bursts following a period of conditioning 
stimulation ‘invariably originate from the stimulated point’ (Burns, 1951). 
More careful observation, using the technique for localizing the origin of 
after-bursts which has been described under the heading of methods, has 
shown that this statement is untrue. The majority of after-bursts during the 
period immediately after the end of stimulation certainly originate from the 
stimulated area, but it is very common to find that later bursts in the series 
may occasionally start from some focus which is remote from the stimulated 
point. In a long series of cats all forms of origin have been found, lying 
between the two extremes in which either all after-bursts originate from the 
stimulated point or, more rarely, none of them originate there. Fig. 2 shows 
the timing of after-bursts and their area of origin in one of the patterns of dis- 
tribution most commonly met with. 

It is difficult to make an analysis of activity arising at unpredictable points 
within an area which is large in relation to the recording and stimulating 
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electrodes. Consequently, the experiments described below are selected from 
those tests where after-bursts originated predominantly from the point origi- 
nally stimulated. It is not unreasonable to suppose that the same mechanisms 
are at work when a local focus for after-bursts is produced beneath the 
electrodes providing the conditioning stimulus, as when a remote focus is set 
up. The reported experiments are selected in one more respect. It is easy, by 
the use of a strong and often repeated stimulus, to produce a series of after- 
bursts which continues for 4-1 hr. From the practical point of view such 
a procedure reduces the number of tests which can be carried out in a day. 
Moreover, it increases the chances that any two tests will not be carried out 
under comparable biological conditions, since such factors as body tempera- 
ture and respiration are difficult to maintain constant over long’ periods. 
Consequently, an attempt has been made to restrict the conditioning stimulus 
in such a way that relatively small.numbers of after-bursts were produced. 


The strength and number of stimuli necessary for production of after-bursts 

Bipolar electrodes were used for stimulation of the cortical surface, arranged 
so that their tips rested on the brain about 0-5 mm apart. The duration of the 
stimuli used in the following experiments was about 1 msec. Fig, 3a shows the 
relation between the potential of 20 conditioning stimuli and the number of 
after-bursts originating from the stimulated point. The strength of a single 
stimulus just adequate to produce a single response in the rested brain is 
taken as unity. Fig 3a shows that as the stimulus strength is steadily in- 
creased, the number of after-bursts produced rises almost linearly. In order 
to obtain reproducible results from such experiments a constant period of rest 
has to be allowed following the end of each series of after-bursts. Five-minute 
rest periods were allowed in the experiments of Fig. 3. | 

When the strength and frequency of the conditioning stimuli are maintained 
constant but the number of stimuli in the series is varied, a relationship is 
obtained between number of after-bursts and number of stimuli of the type 
illustrated in Fig. 36. It will be seen that as the number of stimuli in the con- 
ditioning series was increased, the number of after-bursts rose linearly. 

The two relationships presented graphically in Fig. 3a and 6 suggested that 
an important factor in the production of a focus for after-bursts might be the 
net current flow between the stimulating electrodes. But this conclusion was 
not supported by the results of experiments described in the next section. 


The relation between frequency of stimulation and number of after-bursts 

With all the other parameters of stimulation maintained constant, the 
frequency of the conditioning stimuli was varied. Fig. 3c and d show the 
results of two such experiments with different cats. It seemed that a stimulus 
frequency of about 0-3 sec was optimal for the production of after-bursts when 
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the total number of stimuli given remained constant. Increase of frequency 
beyond 0-3/sec produced a steady decline in the number of after-bursts until, 
when frequencies of some 5-10/sec were used, a new form of response usually 
appeared. At these relatively high frequencies a focus for paroxysmal or 
epileptiform discharge was produced and the surface-positive after-bursts 
became either very few in number or more usually were entirely absent. 
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Fig. 3. The relations between the parameters of stimulation and the number of after-bursts 
produced. (a) The effect of varying the strength of 20 stimuli at 0-3/sec (the minimal strength 
for a single stimulus to produce a burst-response is taken as unity on the abscissa). (b) The 
effect of varying the number of stimuli of 2-7 x threshold strength given at 0-3/sec. (c) The 
effect of varying the frequency of 40 stimuli of strength 2-7 thresholds. (The mean number of 
after-bursts produced by stimulation at 0-3/sec is given. Two trials at this frequency gave 
observed values of 4 and 7.) (d) The effect of varying the frequency of 20 stimuli of strength 3 
thresholds. The results of (6) and (c) were from the same cat. 


Interpretation of the relations between parameters of stimulation and number of 
after-bursts 

The results described above can be conveniently summarized by stating 
that a focus for after-bursts is a result of local activity in the network of 
neurones throughout which the surface-positive response is transmitted. It is 
reasonable to suppose that the stronger the conditioning stimulus or the greater 
the number of stimuli given, the greater would be the subsequent local change. 
It was a little surprising, however, to find that the number of after-bursts 
produced did not increase steadily with increase of the frequency of the cor- 
tioning stimuli. The reason for this became apparent when the local responses 
to stimulation in the immediate neighbourhood of the stimulating electrodes 
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were examined. Fig. 4 shows some of the responses recorded from a point 1 mm 
beneath the stimulating electrodes during stimulation at 0-77/sec and 0-33/sec. 
In the first case many of the 20 stimuli given produced a short-lasting surface- 
positive response (Fig. 4a) without a prolonged burst of activity; stimulation 
was followed by four after-bursts. In the second case every stimulus produced 
a prolonged burst response’ at the point of stimulation (Fig. 46) and the series 
of 20 stimuli was followed by a series of thirty-one after-bursts lasting 520 sec. 
Fig. 4 shows that the net local activity induced by 20 stimuli at 1 per sec can be 
less than that produced by the same number of stimuli at 1 per 3 sec. Measure- 
ments from the same experiment of the total duration of local activity pro- 
duced during stimulation at different frequencies gave the figures shown in 
Table 1. It seems that the important factor where variation of stimulus 
frequency is concerned is the local activity produced per unit time (or the 
fraction of the stimulation period during which local activity is maintained). 


TaB_eE 1. Total duration of activity produced during stimulation at different frequencies 


Total duration of Duration of 
after No. of 
Frequency/sec during stimulation 0. 
of 20 stimuli (sec) (sec) after-bursts 
0-17 41-7 346 22 
0-33 26-8 520 31 
0-77 13-0 94 
1-82 70 28 I 


1 sec 

Fig. 4. The local responses to stimulation at (a) 0-77/sec, (6) 0-33/seo. All other parameters of 

stimulation were constant. Relative negativity of the microelectrode produced an upward 
deflexion. 


Any system in which local activity may lead to further spontaneous 
activity is obviously a system which is capable of becoming unstable. 
Occasionally (perhaps 1/10) preparations of isolated cortex are met with in 
which the relation between the production of after-bursts and the parameters 
of the conditioning stimulus is almost all-or-nothing. The records shown in 
Fig. 5 are from a preparation in which 5 stimuli produced no after-bursts, 


while 10 stimuli produced a series of after-bursts which continued for a period 
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of 35 min. In highly excitable cortical slabs of this type (which are fortunately 
rare) this phenomenon is repeatable. However, the experiment of Fig. 5 
demonstrates dramatically that each after-burst contributes towards the 
conditions necessary for the production of the next in the series. This concept 
of self-re-excitation makes more intelligible the suddenness with which a series 
of after-bursts ends. The terminal activity shown in Fig. 5 shows a slight in- 
crease in the intervals between bursts and then suddenly the cortex is silent. 


1642 


Fig. 5. The timing of a long series of after-bursts all of which originated in section C. 16.42 hr; 
5 stimuli at 0-1/sec were given in section C and produced no after-bursts. 16.45 hr; 10 stimuli 
at the same frequency and strength in section C produced a series of after- bursts which lasted 
until 17.20 when it suddenly stopped. 


The fact that each burst is partly responsible for the conditions producing 
the next burst of the series can be used to stop an unwanted series of bursts. 
Sometimes, soon after operation, an isolated slab of cortex will produce 
a continuous series of spontaneous surface-positive' bursts. We have always 
assumed this to be the consequence of local trauma during operation. What- 
ever the true explanation, such spontaneous foci of activity can usually be 
permanently extinguished by one of the following two procedures. Where 
there is only one focus of origin which can be localized, the application of 
a surface-negative polarizing wick (see below) to the focus for a minute or two 
may produce permanent cessation of spontaneous activity. Where there are 
a number of foci of spontaneous activity, cutting off the blood supply to the 
brain for about 20 sec usually produces permanent loss of spontaneous activity, 
without producing more than a transient change in the brain’s excitability. 
Fig. 6 shows records of spontaneous activity which was brought to a permanent 
end by first clamping both common carotids and then occluding the vertebral 


arteries for 30 sec. 
The effects of radial current flow 

Two other methods were found of producing a focus of origin for bursts of 
surface-positive activity. The first of these consisted in producing cortical 
injury of structures lying between 1 and 1-5 mm beneath the pia. The insertion 
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of a microelectrode so that its tip was pushed among neurones at this depth 
frequently produced a prolonged series of bursts of activity originating in the 
region of the damaged cells. The general form of this series of bursts appeared 
in every way identical with that produced by a period of conditioning stimula- 
tion. However, this method of producing cortical discharges was not investi- 
gated in any detail. 


1410 


1426, 
Vertebrals clamped 30 sec 


1431 
Stim. 

Fig. 6. The effect of arterial occlusion upon a series of spontaneous bursts which were persistent 
100 min after operation. 13.37 hr and 14.10 hrshow samples of the timing of these spontaneous 
bursts. Between 14.10 and 14.26 the common carotids were clamped without altering the 
spontaneous activity. 14.26 hr shows the effect of occluding the vertebral arteries for 30 sec. 
At 14.31 a single stimulus was given to show that the excitability of the cortex had not been 


permanently altered. 


The second method of producing a focus for the origin of surface-positive 
bursts consisted in electrical ‘polarization’ of the cortical surface. For this 
purpose a non-polarizable wick-electrode was applied to the surface and a 
diffuse metal contact with the animal’s mouth was used as return path for the 
current passed through the grey-matter. The wick used made contact with the 
pia over an area of roughly 0-75 mm?. With the wick connected to the positive 
side of the potential source, a current of 100 A was usually sufficient to start 
a series of bursts of activity, all of which originated from the polarized area, 
and which continued at fairly regular intervals until the polarizing current was 
turned off (Fig. 7a). Provided the polarizing current was above threshold the 
frequency of bursts increased with increase of current; strong polarizing 
currents often produced a series of bursts after the current was switched off. 
Reversal of the polarizing current so that the cortical wick became negative, 
never produced activity. Only when surface-negative polarization reached 
values of the order of 600 »A/mm? was any sort of response produced and this 
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was invariably spreading depression (Le&o, 1944). Spreading depression could 
also be produced by rather greater currents from a surface-positive electrode. 

It seemed reasonable to suppose that surface-positive polarization created 
a focus for bursts by imposing a steady depolarization of the deeper ends of the 
type-B neurones conducting the response (Burns & Grafstein, 1952) which lay 
beneath the wick. It followed from this hypothesis that a negative micro- 
polarizing electrode with its tip some 1-3 mm beneath the cortical surface 
should be effective in producing a source for bursts. This was found to be the 
case. A deep negative micro-polarizing electrode produced all those effects 
described for surface-positive polarization. Moreover, when the microelectrode 
tip was made positive to the diffuse lead in the cat’s mouth, no activity 
‘of the isolated slab was ever recorded. 


— 100 surface+ve 3min 


Fig. 7. The effects of artificially produced radial current flow in starting and stopping a focus of 
burst-activity. (a) 100 yA (surface + ve) was passed between a wick-electrode on the cortical 
surface and the metal head-holder in the animal’s mouth. A temporary focus for bursts was 
(6) 120 was passed between the tip (+ ve) of a 10 internal diameter saline- 

filled microelectrode and the head clamp. The tip of the microelectrode was 1-0 mm below the 
cortical surface at a focus for after-bursts produced by a preceding period of conditioning 
stimulation given to the surface above. The train of after-bursts was permanently arrested. 


120tip +ve 16min 


Although neither surface-negative polarization nor tip-positive polarization 
through a microelectrode, with its orifice at a depth of about 1-2 mm, produced 
activity, this direction of current flow was capable of stopping the activity 
in an existing focus for after-bursts. Fig. 7b shows a series of after-bursts 
which were permanently stopped by the application of 120 A positive through 
the tip of a microelectrode at the focus of their origin. 

During experiments of the type described above, where surface positive 
polarizing currents were employed to maintain active a focus for surface- 
positive responses, an interesting phenomenon was noticed. When the current 
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through a surface-positive wick was slowly raised, bursts of activity would 
begin at a threshold current which was considerably higher than that necessary 
to maintain activity. Thus in one experiment, tests for 30 sec made con- 
secutively with the polarizing current at 20, 22, 24 and 26 »A produced no 
responses. Immediately the current reached 281A bursts began to spread 
periodically from the polarized area of cortex. The focus of activity thus 
produced could be maintained at current strengths down to 22 »A provided 
the current was not interrupted. These observations are again consistent with 
the view that any one burst in a series makes the occurrence of a subsequent 
burst more likely. 

It is possible to demonstrate the importance of self-re-excitation in another 
manner. If current is passed through a deep negative micro-polarizing elec- 
trode and the current flow is adjusted so that it is just too small to produce 
a focus for bursts, then one strong stimulus given to the cortical surface above 
the polarizing electrode will initiate a series of bursts which continue until the 
polarizing current is switched off. 3 


The measurement of persistent radial potentials 


To say that repeated activity makes spontaneous activity more probable 
is no more than a convenient way of summarizing the experimental results 
which have been described. It offers no suggestion of the physiological 
mechanism underlying this form of repetitive activity. The experiments with 
radial polarizing current, on the other hand, show that there is a factor in 
common between the conditions which follow surface stimulation and those 
which accompany steady inwardly directed current flow. Since polarization 
with a microelectrode at 1-5 mm depth produces, when the tip is negative, 
exactly the same results as those produced by a positive polarizing electrode 
on the brain’s surface, we must conclude that it is relative depolarization of 
the deep or somatic ends of the neurones giving the surface-positive response 
which in this case causes a focus for bursts of activity; local injury to the 
deep end of these cells presumably gives rise to a focus of activity for the 
same reason. It seemed possible therefore that driven or ‘spontaneous’ 
activity of these neurones might leave them in the same condition—namely 
one in which their deep ends are depolarized with respect to their superficial 
extremities. If this were the case, a radial potential gradient should be 
measurable at the focus of origin. This potential gradient should: (a) be such 
that the cortical surface is positive to points 1-5 mm beneath the pia; (b) appear 
after the conditioning stimulus and persist for a period of minutes; (c) correlate 
in magnitude with the average frequency of after-bursts. It was anticipated 
that such a potential gradient would be relatively small in size. The cell 
population which conducts the surface-positive response must constitute 
a small fraction of all neurones in the grey matter, for the surface-positive 
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response to a single stimulus rarely drives the active surface more than 4 mV 
positive to resting tissue, while the magnitude of paroxysmal or epileptiform 
discharges is frequently 10 mV. 

The expected potential gradient has been demonstrated in two ways. 
A non-polarizable wick-electrode placed within 0-2 mm of the pair of elec- 
trodes used for the conditioning stimulus recorded a local surface positivity 
which persisted for some minutes after the conditioning stimulus was over. 
This relatively persistent potential change was greater when after-bursts were 
produced than when the conditioning stimulation produced none, and its 
appearance was independent of the polarity of stimulus used. The peak magni- 
tude of the change observed was usually about 100yV positive, and was 
measured with respect to dead cortex. When the local positivity disappeared, 
so did the after-bursts. 


1 mV surface positive 


L j 


30 sec 


Fig. 8. Slow radial potential changes recorded at a focus for after-bursts. (a) The graph shows 
measurements of potential between a surface-wick and a microelectrode 1-0 mm beneath the 
surface. These measurements were made just before each after- burst developed. The stippled 
rectangle indicates a period of 1 min stimulation at 2/sec given to the cortical surface im- 
mediately over the microelectrode. The timing of the after-bursts is shown on the same line. 
(b) The same results plotted from the end of stimulation on an expanded time scale. Note. 
The slow potential change recorded here is the largest seen so far. 


A better way of measuring this potential change was to place one electrode 
on the brain’s surface close to the stimulated point and to record between this 
and a saline microelectrode, whose tip lay at a depth of 1-5 mm immediately 
beneath. In Fig. 8 are plotted the results of such an experiment. Several 
aspects of these results are interesting. With infrequent conditioning stimuli it 
proved possible to measure the radial potential gradient during the con- 
ditioning period. Fig. 8 shows that during stimulation the cortical surface 
becomes progressively negative to the deep electrode. Directly stimulation 
stopped the radial potential gradient reversed so that the deep electrode be- 
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came negative to the surface lead. In this experiment peak deep-negativity 
was reached 7 sec after the last stimulus and declined thereafter with a half- 
time of approximately 4 min. Fig. 8 also shows the times of occurrence of 
after-bursts. The probability of their occurrence is obviously correlated with 
the magnitude of the deep-negative after-potential. It will be seen that after- 
bursts do not begin ‘with maximum frequency immediately after the con- 
ditioning stimulation ceases but start after a measurable latent period. This 
fact had been frequently observed during other tests; the observation that the 
deep-negative radial potential gradient always reached its maximum some 
seconds after the last stimulus of the series, made the latent period of the 
after-bursts easier to understand. 

Unfortunately, results similar to those of Fig. 8 are not always obtained. 
Sometimes no measurable slow change of radial potential follows a series of 
conditioning stimuli which is successful in producing after-bursts. More often, 
a similar potential change is visible, but it is of such small magnitude that it is 
hard to be certain that it differs from the potential drifts which can be re- 
corded from this electrode system in contact with resting cortex. Although 
experiments like that of Fig. 8 have given results which are in direct support 
of the hypothesis tested, this evidence cannot therefore be given as much 
weight in argument as can most of the evidence that is less direct in nature. 


Records from single cells —_— 

In some of the experiments of which that of Fig. 8 is an example the micro- 
electrode tip recorded ‘spike’ potentials in addition to the comparatively slow 
changes of radial potential described above. These spikes have been recorded 
at depths between 0-9 and 1-5 mm and it has been assumed that they represent 
the discharge of the somata of the type-B cells. In resting cortex there was no 
spike activity unless a stimulus was given, when a shower of spikes occurred 
throughout the duration of the response. Such spikes were always of such 
polarity as to make the microelectrode negative and their duration at one- 
third peak height was about 0-3 msec. Their amplitude was never strictly con- 
stant and could vary by as much as +30%. During responses to stimulation 
these action potentials appeared to occur entirely at random. Nevertheless, it 
is believed that most of the records obtained were records of activity from 
single cells. The observed variation of amplitude is probably partly accounted 
for by minute movements of the electrode tip in relation to the active cell, and 
in some experiments a clear correlation of spike height with respiratory move- 
ments of the cat was seen. Cyclical variations of spike magnitude in step with 
the pulse were also common. Moreover, the discharge frequency of a single 
unit in this network would not be expected to be constant during a response, 
if repeated activity was dependent upon random circuits of self-re-excitation 
(Burns, 1951). 
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In Fig. 9 are shown records obtained from a saline-filled microelectrode 
whose tip happened to lie close to the soma of one of the type-B cells. The 
records were made during a series of after-bursts following a period of con- 
ditioning stimulation which was given to the cortical surface immediately 
above the active cell. Unlike the records from resting cortex, spikes are 
recorded between surface-positive bursts at times when no activity can be 
found with gross surface electrodes. Preceding each after-burst two changes 


1 mv 


Fig. 9. Slow variations of radial potential recorded at a focus for after-bursts. The potentials 
were recorded between a saline-filled micropipette whose tip presumably lay close to the 
soma of a type-B cell and a wick-electrode on the brain’s surface 1 mm above, A focus for 

_ after-bursts was created by stimulating immediately above the microelectrode. The upper 
trace (1) shows potential change recorded when using a comparatively low frequency chopper 
and direct coupling; the lowest trace (2) shows records obtained simultaneously with an 
R-C coupled amplifier of time constant 1-0 msec. Negativity of the microelectrode produced 
an upward deflexion on both records. (a) The potential changes preceding one after-burst, 


a part of which is shown; (5) potential changes recorded about 5 sec after the last after- 
burst of the series, 


are apparent. First, the comparatively slow deep-negative radial potential 
inicreases; secondly, the cell begins to fire at an increasing frequency (Fig. 92). 
Ultimately, an after-burst originates in this region and sweeps out across the 
whole network of other cells in this system. Following the after-burst, the 
microelectrode tip became temporarily more positive to the reference elec- 
trode. With each after-burst in the series this cycle of changes was repeated, 
until finally (Fig. 96) the deep-negative radial potential developed, the cell 
fired 13 times at less than 4/sec but local activity at the focus was insufficient 
to cause a spreading after-burst. 
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The hypothesis that. ‘spontaneous’ firing of cells at a focus for after-bursts 
is caused by the persistent depolarization of the deep ends of these neurones 
is consistent with the observations of Fig. 9. Nevertheless, it could be argued 
that spontaneous activity, whatever its cause, would lead to the progressive 
depolarization of the somata of neighbouring, resting cells as a secondary 
phenomenon. This last order of events seems improbable. If the slow develop- 
ment of the deep-negative radial potential were secondary to unexplained 
spontaneous activity, then one would expect the accompanying spikes to occur 
at random times as they do during the surface-positive response to stimula- 
tion. It will be seen that in Fig. 95 the spikes occur in a fairly regular series, 
at relatively predictable moments, while during the after-burst the cell fires 
in an entirely irregular fashion (Fig. 9a). Moreover, the radial potential 
gradient always showed increasing surface positivity before the spikes ap- 
peared. 


160nA 


0-5 sec & 


Fig. 10. The responses of a type-B neurone to inward radial current flows of varying magnitude. 
The records are from a soft-solder electrode of c. 10 » internal bore at the tip which lay about 
1 mm beneath the surface-wick used for providing the polarizing current. 


It was shown above that an applied inwardly directed current flow could 
set up a local focus for spontaneous bursts in the region of the polarizing 
electrode. Such an impressed current flow also produces locally a continuous 
discharge of the cells conducting the surface-positive response. In order to 
obtain the records of Fig. 10 a solder-filled glass microelectrode was pushed 
through the grey matter until spike discharges were recorded during the 
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surface-positive responses to test stimuli; when the cortex was resting, no 
discharges were seen. A polarizing electrode was placed upon the cortical 
surface immediately above the tip of the microelectrode. When current was 
passed inward through the grey matter, the cell with which the micro- 
electrode tip was in contact began to fire at a fairly constant frequency. 


25 


j 
50 100 150 
Surface-positive polarizing current 
Fig. 1 11. Variation of mean discharge frequency of a type-B cell with change of surface-positive 
polarizing current. From the same experiment as Fig. 10. 


Usually, currents in excess of 50 uA (from a wick whose area of contact with 
the brain was about 0°75 mm*) were required before any spike discharges were 
seen. The mean frequency of discharge was linearly related to the impressed 
current flow up to 200 uA which was the highest value tested. Between 100 
and 200 »A the polarized area of cortex became a focus for spreading surface- 
positive bursts; during these bursts of generalized activity, the cell discharged 
irregularly, but between them it fired at a relatively constant frequency. 
Outwardly directed current flows as great as 300 uA produced no discharge of 
these cells. 


DISCUSSION 


Three ways have been described in which a focus for the origin - depinted 
bursts of surface-positive activity may be set up: (a) Repetitive stimulation of 
the cortical surface at frequencies of the order of 0-3/sec. (b) Local injury of 
the deeper end of the neurones giving the surface-positive response (type-B 
cells). (c) Current flow which is radially eva: with penpest to the grey 
matter. 

The experiments show that repeated activity of type-B neurones makes 
their subsequent spontaneous activity more probable. Moreover, it does not 
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seem to matter whether the ‘conditioning activity’ of the neurones is driven 
or spontaneous, since some of the experiments described show clearly that 
each spontaneous burst makes a succeeding burst more probable. It is 
presumably this fact which makes it so easy to produce a series of after-bursts 
which continues for periods of the order of 1 hr after stimulation has stopped. 
Indeed, the experimental results make it easier to explain the comparatively 
long duration of the conditioned after-bursts than to explain why they should 
ever cease. As it is, long series of after-bursts always stop rather abruptly and 
one imagines that some temporary and accidental decrease of excitability has 
occurred at the focus of origin (see Fig. 5). It seems that any procedure which 
can stop one after-burst of a series may stop the series permanently. A train 
of after-bursts, which would otherwise be expected to continue, can be 
halted by temporary occlusion of the brain’s blood supply. The facts are 
consistent with the view that each after-burst creates conditions at the focus 
which make a succeeding burst more probable. 

During a period of conditioning stimulation at a frequency below 0-3/sec 
each stimulus usually produces a response which spreads throughout the whole 
isolated area. The changes produced by this driven activity must therefore be 
present throughout the whole slab of cortex and it becomes easy to see why 
after-bursts can originate from points remote from that originally stimulated. 
The fact remains, however, that the first after-bursts of a series almost in- 
variably originate from the stimulated area, although subsequent bursts may 
come from other districts; and many preparations only show foci for after- 
bursts beneath the stimulating electrodes. One is forced to conclude therefore 
that driven responses are accompanied by more activity beneath the stimu- 
lating electrodes than elsewhere. This is clearly the case with frequencies of 
conditioning stimulation in excess of 0-3/sec where (as in Fig. 4) many of the 
stimuli only produce a short-lasting local response which does not spread to 
involve the whole isolated area. It is, of course, impossible to be sure that such 
abortive responses are due to a local discharge of type-B cells only, but it seems 
reasonable to conclude that their activity must contribute to the observed 
brief surface-positive potential. But frequencies of stimulation less than 
0-3/sec can also produce after-bursts originating from the stimulated area, and 
we must assume that type-B cells within reach of the stimulating current are 
more exercised than those elsewhere, despite the fact that each response to 
stimulation spreads throughout the whole isolated network of cells. The spread 
of the surface-positive response away from the stimulating electrodes must 
presumably be by way of those cells of the type-B network which are most 
excitable; the less excitable cells of this family will not be immediately in- 
volved in the wave-front of excitation and will discharge less frequently than 
their neighbours during the process of self-re-excitation (Burns, 1951), which 
maintains the response for a few seconds. These relatively inexcitable type-B 
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cells will, however, discharge in direct response to the stimulating current in 
the region of the stimulating electrodes. According to this concept the net- 
exercise forced upon cells in the region of the stimulating electrodes will be 
greater than elsewhere even for low frequencies of stimulation. 

The local activity during a period of conditioning stimulation can be 
responsible for the production of a series of after-bursts which is then main- 
tained by a process of local self-re-excitation. If all changes brought about by 
activity can properly be described as fatigue, then one has to say that fatigue 
of this cell system may lead to spontaneous activity. There are two hypo- 
thetical mechanisms which have been used in the past as an explanation of 
after-discharges observed in other parts of the central and peripheral nervous 
systems. Neither the local persistence of humoral transmitters nor the exis- 
tence of self-re-exciting chains of neurones offer satisfactory hypotheses to 
explain the form of after-discharge described above. If the persistence of 
chemical agents were responsible for the maintenance of a series of after-bursts, 
it would be difficult to see why temporary occlusion of the blood supply to 
the brain should halt the series of discharges permanently. The supposition 
that after-bursts are maintained by excitation traversing rings of neurones is 
hard to believe in view of the fact that between such bursts no neural discharge 
can be detected anywhere in the isolated slab for periods which may be as 
long as 20 sec. In between after-bursts, neither surface electrodes nor deep 
microelectrodes, capable of recording the discharges from individual cells, 
have ever demonstrated action potentials. In the present stage of knowledge 
it is only possible to say that these two hypotheses are unlikely candidates for 
an explanation of the observed phenomena; they cannot be excluded by 
a rigid argument. A third hypothesis is, however, advanced below which it 
is believed will at least offer a qualitative explanation for all of the results 
described above. 

It is assumed that each time one of the neurones of this cortical network 
discharges, the membrane potential of the deep somatic end recovers its 
resting value more slowly than does the superficial extension of this neurone. 
Thus, during recovery from a series of conditioning stimuli, a current would be 
expected to flow between the superficial and deep ends of the fatigued neurones 
which are recovering resting membrane potential at different rates. It is 
further assumed that if this current flow exceeds a certain threshold, some of 
the cells will fire spontaneously. Spontaneous discharge will of course set 
back the recovery process so that the whole cycle of events may be repeated. 
If the maximum current flow during recovery is only above threshold for a few 
neurones then only scattered local discharges will occur at the focus. With more 
effective conditioning stimulation the ‘recovery current’ will cause greater 
numbers of cells to discharge and the summed activity of these cells at the 
focus may be sufficient to invade the whole network of cells and cause a 


‘« 
J 
« 
i 
‘ 


AFTER-BURSTS IN CORTEX 445 


spreading after-burst. These assumptions seem to offer a satisfactory qualita- 
tive explanation of all the phenomena that have been described. Since it 
would obviously be extremely difficult to obtain direct proof of such a theory, 
its validity must finally rest on an ability to predict the observed facts in 
a quantitative fashion. A more detailed examination of the implications of 
this hypothesis will therefore be undertaken in a later paper. 


SUMMARY 


1. Repeated stimulation at a frequency of 0-1-5-0/sec given to slabs of 
neurologically isolated cortex can produce a focus for periodic spreading 
after-bursts of neural activity which may persist for an hour after stimulation 
has stopped. 

2. These after-bursts do not all invariably originate from the stimulated 
area. 

3. The stimulus strength necessary for the production of a series of after- 
bursts must usually exceed 1-5x threshold strength for the burst-response 
to a single stimulus. 

4. The number of after-bursts produced by a period of conditioning stimu- 
lation is increased in linear fashion by increase of either stimulus strength or 
number of stimuli (where stimulus frequency and duration remain constant). 

5. When the number and strength of the conditioning stimuli are kept 
constant, more after-bursts are produced at 0-3/sec than at any other frequency 
of stimulation. 

6. A train of after-bursts can be permanently stopped by temporarily 
clamping the blood supply to the brain, although this procedure does not 
produce any lasting change in cerebral excitability. 

7. Local current flow, passing radially inward through the grey matter can 
produce a focus for spasmodic bursts of similar activity. 

8. Local, radially inward directed current flow will also cause a continuous 
discharge of the cells conducting the burst response. Their discharge frequency 
increases linearly with increase of polarizing current. 

9. Local, radially outward directed current flow can eliminate a focus for 
after-bursts. 

10. After stimulation, a long lasting radial potential gradient can some- 
times be demonstrated beneath the stimulating electrodes such as to make the 
cortical surface some 200 pV positive to points 1 mm deep. The magnitude of 
this relatively persistent potential change is positively correlated with the 
frequency of after-bursts. 

11. The experimental results have been interpreted as indicating that after 
activity, whether driven or spontaneous, the deep somatic ends of the neurones 
conducting the burst response repoiarize more slowly than do the superficial 
ends. It is supposed that current flow between superficial and deep ends of 
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these structures, during recovery from activity, is responsible for their sub- 
sequent spontaneous discharge. 


The author wishes to express his thanks to the National Research Council of Canada for their 
generous support of this work. 
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THE RELATION OF COLLAGEN CONTENT OF THE LIVER 
TO BODY WEIGHT IN THE RAT 
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From the Department of Physiology, University College, 
Gower Street, London, W.C. 1 


(Received 9 February 1954) 


Though there is a good deal of information available on the quantitative rela- 
tions of the weights of different whole organs to the weight of the body in 
many species of animals, much less is available on the relations of individual 
constituents of organs. Figures we had collected in the course of other work 
seemed to show a relation between collagen concentration in the liver and body 
weight; we have now obtained additional results which show clearly a progres- 
sive increase in the concentration of collagen in the liver with body weight. 


METHODS é 


The rate were albinos from the stock of this department, less than a year old at the time of death. 
They were allowed food (stock diet, M.R.C. 41, Parkes, 1946) ad lid. until the time of death, when 
they were killed by a blow on the head and breaking the neck. Only the right lobes of the liver, 
those which remain after partial hepatectomy, were examined (see Harkness & Harkness, 1954). 
These were removed, freed of excess fluid by blotting on filter-paper and weighed at once. Their 
collagen content was estimated either by the method of Lowry, Gilligan & Katersky (1941) or by 
the method of Neuman & Logan (1950) with minor modifications (Harkness & Harkness, 1954); 
the estimation was made sometimes on the whole of the liver concerned, sometimes on mixed 
samples taken after cutting it into small pieces with scissors. 


RESULTS 


The results are given in Fig. 1 in which the logarithms of wet weight and 
collagen content of the lobes examined are plotted against the logarithm of 
body weight. Out of the total of 49 rats, 42 were male and 7 female. The 
majority of estimations of collagen (39) were made by the Neuman & Logan 
method on males, but as the few results for the other rats were not apparently 
different, all have been treated together. It appears that the relation of liver 
weight to body weight is the same in males and females (see Donaldson, 1915; 
Webster, Liljegren & Zimmer, 1947). It is clear from Fig. 1 that, after the 
logarithmic transformation, approximately linear relations are found between 


‘ 
é 
» 
( 
4 
| 


448 MARGARET L. R. HARKNESS AND R. D. HARKNESS 


both the weight and collagen content of the liver and body weight; in other 
words, these relations can be expressed by an equation of the form z =aW” (see 
Huxley, 1932; Needham, 1942; Brody, 1945), where z is weight or collagen 


+1 


Collagen (mg)=0-0124 body we. 


logy liver wt. (g) 
logy collagen (mg) 


Liver we. (g)=0-0203 body wt. (g)°” 


1 1°5 2-0 25 
logi. body we. (g) 


Fig. 1. Relation of weight (@) and collagen content (@) of right lobes of liver to body weight. 


TaBLe 1. Relation of collagen concentration in the liver to body weight 


Range of body wt. (g) ... 0-100 100-200 200-300 300-400 
No. of rats 20 ll 9 9 
Mean body wt. (g) 59+6 14648 

+ 246+ 10 34447 


0-84+0-09 1-99+0-09 3-08 + 0-19 3-89+0-21 
Mean liver* co ) 013040005 0-141 
(g +0-009 0-166+ 0-012 0-186 + 0-010 
Wt. of lobes used 

Total liver weight 0-338+0-004 0-339+0-004 0-344 + 0-005 0-331 + 0-006 


The estimate of variation is the standard error of the mean. 
* Right lobes only, see text. 
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content of the liver and W is body weight. The constants found by fitting 
regression lines by the method of least squares are given in Fig. 1. For liver 
weight the constant 5 (0-91 + 0-02) is less than 1, for collagen content (1-09 + 0-03) 
greater than 1. In other words, liver weight increases less rapidly, liver collagen 
more rapidly than body weight as the latter increases. The change in percen- 
tage collagen in the liver is shown in Table 1. If the total collagen content of 
the liver is expressed in terms of liver weight, the following relation is found: 


where c is collagen content and w weight of liver. 


DISCUSSION 


Our results have been obtained only on the right lobes of the liver, but there 
seems to be no reason to suppose that they would have been different if the 
whole liver had been used. There is evidence that there is little difference in 
the composition of the lobes used and the rest of the liver (Harkness, 1952a). 
The relation of the weight of the lobes used to that of the whole liver does not 
change significantly with body weight (Table 1). 

Our value for the constant 5 for the relation of liver weight to body weight 
is similar, in being less than unity, to the values for the whole liver which can 
be obtained from data in the literature. Lines fitted by eye to the data of 
Lowrey (1913), Cameron (1925) and Webster et al. (1947) gave values of b equal 
to 0-97, 0-91 and 0-80. 

The increase in concentration is not simply a reflexion of a drop in the water 
content of the liver, as there is very little change in the water content of the 
liver over the range of body weight studied. The constant 6 for total solid as 
a function of total liver weight is 1-0 for the data of Lowrey (1913). Nor do the 
changes in collagen parallel those in total protein or in total extracellular 
space: Campbell & Kosterlitz (1950) record total liver protein as an approxi- 
mately linear function of body weight, i.e. b is about 1. Lowry, Hastings, 
McCay & Brown (1946) found no significant change in percentage extracellular 
space with age in rat liver. 

As body weight is a function of age in rats of the age used in this investiga- 
tion, it appears that the percentage of collagen in the liver increases with age. 
Lowry et al. (1946), on the other hand, found no evidence of such a change. 
There is probably no real discrepancy here because Lowry et al. (1946) did not 
use many animals or particularly concentrate on this point. Elster & Lowry 
(1950) found an increase followed by a decrease in the percentage of collagen in 
the liver of guinea-pigs as body weight increased. Changes in the percentage of 
collagen with body weight appear to differ considerably from organ to organ; 
thus Elster & Lowry (1950) found the percentage of collagen in the spleen of 
the guinea-pig diminished as body weight increased, while the percentage of 
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collagen in the lung increased. Sobel, Zutrauen & Marmorston (1953) record 
a value of 1-41 for 6 for the relation of skin collagen content to body weight in 
rats, a much higher value than ours for liver collagen. They do not, however, 
record changes in the weight of the skin so that one cannot tell to what extent 
the high constant is due to such changes. 

Our results have some bearing on those of Neuberger & Slack (1953) on 
incorporation of [a-“C] glycine into liver collagen. The concentration of the 
isotopic glycine in the collagen of the livers of young animals was found to 
diminish with time after the initial labelling. This could be the result either of 
metabolic turnover or dilution of the labelled collagen with new collagen of low 
isotope content. The latter effect was corrected for on the assumption that the 
collagen content of the liver increased in proportion to body weight, i.e. that 
the constant } for liver collagen and body weight was unity, whereas we have 
found it to be 1-09. When this correction had been made there still remained 
a drop in isotope concentration in the collagen, which indicated some turnover. 
This drop is still present, but reduced, if the calculation is made on the basis 
of our results. 

It is of interest to compare our results with those obtained for collagen 
formation in regenerating liver (Harkness, 19526; Harkness & Harkness, 1954). 
At first sight they appear discrepant, since increase in collagen in liver re- 
generating after partial hepatectomy was not more rapid than growth in 
weight. Indeed, collagen formation appeared to be the slowest of all the 
processes taking place in the liver. Closer examination, however, shows a con- 
siderable measure of agreement if one assumes a delay of 2 days before collagen 
formation begins (Harkness, 19526), During these 2 days the weight of the liver 
approximately doubles and many other changes take place in it. After 2 days 
or thereabouts the collagen content of the liver increases, the increase being at 
a greater rate than the increase in weight, so that collagen concentration 
gradually rises. The rate of rise appears to be related to the increase in weight 
very much as it is during the growth of liver in ordinary life as described in 
this paper. In Fig. 2 the relation of collagen content of regenerating liver to 
weight from 2 days to 21 days after partial hepatectomy is shown. The figure 
is based on previous results (Harkness, 19525). The line drawn was fitted by 
the method of least squares; the constant 6 is 1-25+0-16. The comparison 
emphasizes the slowness of growth of collagen in regenerating liver. 

The question of the distribution of collagen in the liver (see Harkness & 
Harkness, 1954) has been ignored in this discussion for lack of information. 
For this same reason it is not possible to discuss the functional aspects of the 
changes in concentration which occur; that is, the relation between the quantity 
and distribution of structural material present, and the stresses it is called 
upon to withstand. The changes we have observed could represent simply an 
effect of ageing or they could represent functional adaptation to changed 
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stresses accompanying change in organ size. That adaptation to size may be 
important is indicated by the fact that the larger individual lobes of the liver 
have a higher concentration of collagen than the smaller. The combined large 
median and left lateral lobes have been reported in a previous paper (Harkness, 
19525) to have a higher concentration than the combined four other smaller 
lobes; the difference, at first sight, does not appear significant because indi- 
vidual values for individual animals were not compared. When this is done 
the difference is significant (¢ test 0-05 > P > 0-02; Fisher, 1946). 


1:0 


0-4 
0-5 0-6 0-7 0-8 0-9 10 
logy liver wt. (g) 


Fig. 2. Relation between collagen content and weight of regenerating liver. Equation for fitted 
line calculated from results 48 hr to 21 days after partial hepatectomy (Harkness, 19525). 


SUMMARY 


1. The relation of the collagen content of the liver to body weight has been 
investigated in rats weighing 25-400 g. 
2. The percentage collagen in the liver increased regularly with body weight. 
3. Changes in liver weight and collagen content with body weight could be 
expressed as follows: 
w(g)=0-0203 W(g)™, 
¢(mg) =0-0124 
where w and ¢ are weight and collagen content of the liver and W is body 
weight. 


We are very grateful to the Nuffield Foundation for a grant which made this work possible, 
and to Miss Shirley Fitch for technical assistance. 
| 29-2 


0-8 
. 
c ° 
bo 
= 
© 
2 


452 MARGARET L. R. HARKNESS AND R. D. HARKNESS 


REFERENCES 


Bropy, 8S. (1945). Bioenergetics and Growth, Ist ed. New York: Reinhold. 
Cameron, A. T. (1925). Normal variations of oo tage weights of body organs of the albino 
rat with changing body weight. Amer. J. hyoiol. 14 74, 151-157. 


CampsBgtt, R. M. & Kosreruirz, H. W. (1950). The effects of growth and sex on the composition 
of the liver cells of the rat. J. Endocr. 6, 308-318. 


Dowatpson, H. H. (1915). The rat. Mem. Wistar Inst. Anat. no. 6. 


Exster, 8. K. & Lowry, E. L. (1950). Collagen content of guinea pig tissues. Proc, Soc. exp. Biol., 
N.Y., 75, 127-129. 


Fisuer, R. A. (1946). Statistical Methods for Research Workers, 10th ed. Edinburgh and London: 
Oliver and Boyd. 


Harkness, M. L. R. & Harxness, R. D. (1954). Further observations on collagen in regenerating 
liver of the rat. J. Physiol. 123, 482-491. 


, R. D. (1952). Changes in the liver of the rat after partial hepatectomy. J. Physiol. 

117, 267-277 

Harkness, R. D. (19526). Collagen in regenerating liver of the rat. J. Physiol. 117, 257-266. 

Huxuey, J. 8. (1932). Problems of Relative Growth, lst ed. London: Methuen and Co. 

Lowney, L. G. (1913). The growth of the dry substance in the albino rat. Anat. Rec. 7, 143-168. 

Lowry, O. H., Gutiean, D. R. & Karersxy, E. M. (1941). The determination of collagen and 
elastin in tissues, with results obtained in various normal tissues from different species. 
J. biol. Chem. 189, 795-804. 

Lowry, O. H., Hastines, A. B., McCay, C, M. & Brown, A. N. (1946). Histochemical changes 
associated with ageing. IV. Liver, brain and kidney in the rat. J. Geront. 1, 345-357. 

NEEDHAM, J. (1942). Biochemistry and Morphogenesis, 1st ed. Cambridge University Press. 

Nevsercer, A. & Stack, H. G. B. (1953). The metabolism of collagen from liver, bone, skin and 
tendon in the normal rat. Biochem. J. 58, 47-52. 

Neuman, R, E. & Logan, M. A. (1950). The determination of collagen and elastin in tissues. 
J. biol. Chem. 186, 549-556. 

Parkes, A. 8. (1946). Feeding and breeding of laboratory animals—rat and mouse cubes and 
cube containers. J. Hyg., Camb., 44, 491-500. 

Sopet, H., H. A. & Marmorston, J. (1953). and hexosainine content of 
the skin of normal and experimentally treated rats. Arch. Biochem. 46, 221-231. 

Wesster, 8. H., Linseoren, E. J. & Zoumer, D. J. iin Organ: body weight ratios for liver, 
kidneys and spleen of laboratory animals. 1. Albino rat. Amer. J. Anat. 81, 477-513. 


= 
4 
| 
J 
q 
| 
| 
« 
| 
d 
4 
1 


453 


J. Physiol. (1954) 125, 453-465 


/ THE CHARACTERIZATION OF ODOURS 


By R. W. MONCRIEFF 
From the Consulting Laboratory, 10 Bay Terrace, Girvan, Ayrshire 
(Received 9 February 1954) 


The cardinal difficulty in work on the stimulation and perception of the 
chemical senses has always been our inability to characterize the stimulus. 
The stimuli for vision and hearing can be characterized in terms of frequency 
and intensity and those for some kinds of touch in terms of pressure and 
temperature, but there are no recognized terms of reference for smell and for 
taste. This paper is concerned with describing a new approach to the 
characterization of smells. 


Historical review 

A logical preliminary to the characterization of odours would seem to be 
their classification, and several schemes to sort out the multitudinous smells 
that we know have been propounded; the best known are those of Zwaar- 
demaker and Henning. Zwaardemaker (1895) suggested that all odours could 
be accommodated in nine classes, viz. ethereal, aromatic, balsamic, ambrosial, 
alliaceous, empyreumatic, caprylic, repulsive, and nauseating; each of the nine 
classes had two or more subdivisions, e.g. the balsamic class was subdivided 
into (a) floral, (6) violet and (c) vanilla and coumarin odours. Henning (1916), 
after careful analysis, suggested that all odours were based on six fundamental 
odour groups, viz. spicy, flowery, fruity, resinous, burnt, and foul, although 
two or three of these primary odours might be present together in a single 
smell. 

Whilst these classifications brought a certain amount of order to what had 
hitherto been chaotic, they were both entirely subjective and they certainly 
did not provide any more precise method of characterizing a particular odour 
than to say it was ‘floral’ or ‘rose-like’. In particular, new odours such as 
those of new synthetics could not be adequately described. 

An ambitious attempt to resolve the difficulty was made by Crocker & 
Henderson (1927), who postulated that there were four fundamental types of 
smell, just as there are the four fundamental tastes of sour, sweet, salt and 
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bitter, and that these four fundamental smells were served by four kinds of 
olfactory nerve endings. The four postulated fundamental odours were 
fragrant, acid, burnt and caprylic (goaty) and any given odour could be built 
up of these four fundamental odours; their relative degrees of stimulation 
determined that given odour. Any fundamental odour could be present in 
any given odour in intensity varying from one (very weak) to eight (very 
strong), and its absence could be denoted by zero. Consequently all the 
numbers from 0000 to 8888 represented different odours, e.g. the rose smell 
was represented by the number 6423 indicating that the 


fragrant smell is stimulated to a degree of 6 


acid | ” ” ” 4 
burnt 99 ” 2 
caprylic ” ” ” 3 


The method has received more attention than might have been expected, 
e.g. a series of twenty-two isomeric octanols prepared by Dorough, Glass, 
Gresham, Malone & Reid (1941) had their odours described in accordance with 
this system. Whereas 7-methyl-heptanol-1 had an odour described as 5425 
(5 fragrant, 4 acid, 2 burnt, 5 caprylic), that of 7-methyl-heptanol-2 was 5325 
and that of 6-methyl-heptanol-1 was 5326. This method also is entirely sub- 
jective and the only nose with which the author is personally acquainted 
registers only confusion and bewilderment when asked to analyse the smell of 
ginger or cloves or hyacinth into so many parts fragrant, so many acid, burnt 
and goat-like. There are, of course, artist perfumers, just as there are tea and 
whisky tasters, and such experts have learnt to discriminate very nicely 
between odours that to the layman are much the same, but no attempt is ever 
made by them to describe such niceties of difference in scientific terms; often 
such differences are almost impossible to describe in words at all. 

Bienfang (1941) has suggested that odours may be characterized by clarity, 
strength, note, and persistence, but whether this advances our understanding 
of the subject is doubtful; it is the single property—the note or _— 
- we want to characterize. 

Several attempts have been made to correlate odours with vibrations of 
characteristic frequencies. More than eighty years ago Ogle (1870) wrote ‘that 
the undulatory theory of smell...may, perhaps after all, be the true one’. 
Heyninx (1917) attributed odour to absorption of ultra-violet light by the 
vapours of odorous substances, but such associations were very irregular; 
e.g. iodoform and cinnamic aldehyde had practically the same absorption 
bands, but had very different odours. Dyson (1938) attempted to correlate 
odour with the Raman spectrum of a substance. Beck & Miles (1947) put 
forward some experimental results from the insect world that suggested that 
odour was concerned with absorption in the infra-red region, but according to 
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Johnston (1953) their infra-red loss theory of olfaction is untenable. Much 
earlier Grijns (1918), after a critical survey of the already reported cases of 
absorption of infra-red radiation by odorous substances had failed to cor- 
relate smell intensity with the capacity of a substance for absorbing radiant 
heat. 


None of the attempts to correlate odour quality with a vibrational frequency 


has been successful, and one cannot but agree with Naves who in 1951 wrote: 


‘I cannot bring myself to find any reason whatever in this theory that odour is 
connected with vibrations in the molecule or of the molecule. . . (it is) absolutely 
without experimental foundation.’ So far, then, no method of characterizing 
odours, other than a rough classification by subjective appraisal, has emerged 
and there is no present hope that a characterization on a frequency basis may 
be forthcoming. 


Mechanism of olfaction 


In looking for a means of characterizing odours objectively by some 
number, curve, or quantity, it should be helpful to follow as closely as may 
conveniently be possible, those processes which take place in the nose when 
olfaction is ordinarily experienced. The information that we have and the 
theories that have been advanced on this subject have been reviewed elsewhere 
by the author (Moncrieff, 1951); all the evidence points to odour being air- 
borne and to the necessity of actual contact of particles or molecules of the 
odorous substance with the receptors of the olfactory nerve. Whether olfaction 
is purely and simply the result of adsorption of the odorous molecules on the 
tissues, whether solution in the lipids is necessary, or whether chemical 
reaction takes place between odorant material and receptor is still debatable, 
but certainly the first action is one of contact and is a surface effect. 

If in vitro we wish to destroy or abolish an odour, we can either dissolve 
the substance which has the offensive odour in a scrubbing tower, we can 
change it chemically, e.g. by oxidation, or we can adsorb it on some surface 
active material. Most of the unwanted odours of industry can be satisfactorily 
dealt with by one or other of these methods, although there are still a few, 
notably those of the moulds in antibiotic factories, which are troublesome. 
The methods that are used for the industrial destruction of odours are in 
principle the same as those which we believe to form part of the process of 
olfaction. Possibly adsorption alone is sufficient to account for olfactory 
stimulation; all adsorption processes are exothermic and the heat energy 
given out would constitute that energy necessary for stimulation of the ol- 
factory nerve. A mechanism of qualitative discrimination of odours on a 
temporal and spatial basis has been described by Adrian (1949). So far as our 
knowledge goes, the process of adsorption corresponds most nearly to those 
processes that take place in the nose when we experience smell, although it is 
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true that we cannot exclude the possibility that solution and chemical reaction 
are other processes that may play very significant parts. 

If adsorption is the main olfactory process, as seems to be likely, there must 
be selective adsorption to account for the large number of qualitatively dis- 
tinguishable odours, and to account, too, for the spatial differences in stimu- 
lation which Adrian has shown to obtain in the nose of the rabbit according as 
the odorous material has an oily or a fruity smell. There must be receptor sites 
which differ from each other in molecular configuration and which selectively 
adsorb the odorant molecules; some will adsorb those of an oily nature, others 
those that are typical esters with fruity smells. 

To the best of our knowledge, odour perception and discrimination are based 
on a natural process of selective adsorption that takes place in the nasal 
orifices. If, therefore, a method is to be chosen for the characterization of 
odours it seems logical to follow Nature so far as possible and to use a process 
of selective adsorption. It will be quite impossible to use the same adsorbent 
material as nature uses, but it may not be without interest to see what can be 
done with those adsorbent materials that are commonly available. 


METHOD AND APPARATUS 


The genera! idea was to see if some odorant materials were adsorbed readily by some adsorbents 
and less readily or hardly at all by other adsorbents, and to see if other odorant materials behaved 
dissimilarly. Was it possible that substances that had similar odour would have similar adsorption 
characteristics? 

For the purpose of the preliminary investigation that is described in this paper, five adsorbents 
were used. They were: 

1. Activated charcoal supplied by Sutcliffe Speakman and Co. Ltd., Leigh, Lancs. Quality 
208C, a type recommended for general deodorizing. 6-10 mesh. 

2. Silica gel supplied by Silica Gel Ltd., London. A type recommended for drying and 

air. 6-8 mesh. 

3. Activated alumina supplied by Peter Spence and Sons Ltd., Widnes. Type ‘A’. 4-8 mesh. 

4. Activated fuller’s earth supplied by _—— Minerals and Chemicals Corporation, 
Philadelphia. Grade ‘A’, R.V.M. 6-8 mesh. 

5. Vegetable fat. National ‘Special’ margarine was melted over near-boiling water, cooled 
and the solid fat removed. Some of this was melted and mixed with 3 times its own weight of 
activated alumina 8-16 mesh, by which it was well absorbed. The alumina acted purely and 
simply as a vehicle or holder for the fat. 

The first step was to select some relationship between adsorbent and odorant. There were 
various possibilities, e.g. percentage of its own weight of odorant material that the adsorbent 
would pick up, or perhaps the change in concentration of odorant in odorized air passing through 
an adsorbent bed. However, smelling is a rapid process; there is no noticeable delay and it was 
desired to keep as nearly as possible to ordinary conditions of smelling. After a number of trials 
the quantity selected was the time of contact necessary for the adsorbent (in large excess) just to 
deodorize odorized air. As will be seen later, this time was very variable from one odorant to 
another, but provided that the adsorbent material would adsorb the odorant at all, the critical 
time of contact (as it will henceforth be referred to) was usually within the range 0-04—1-0 sec. 
This quantity seemed to be constant for any pair of odorant and adsorbent materials; it could be 
measured with an accuracy of about plus or minus 20%, which is reasonably good for measure- 
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ments involving odour, and by taking five observations for each pair a reasonable mean value for 
the critical time of contact was obtained. 

The apparatus used was as shown in Fig. 1. A is a small electrically driven air-blower which 
has been calibrated to blow air at speeds from 10 to 40 c.c./sec. B is a 6 oz. bottle containing 
15 ml. of the odorant material, the air from A being blown over the odorant material in B and 
thence up C which is a glass tube of 0-5 cm? internal section and which is graduated from the 
bottom upwards in cm. This tube C is packed to a height of say ncm with the adsorbent, 
e.g. activated carbon. In operation the upper end of tube C is inserted into one nostril, the blower A 
is started at its minimum speed, and the air speed gradually increased until the smell of the 
odorant material in B is just unmistakably recognizable at the outlet end of tube C. It is found 


Fig. 1. Diagrammatic representation of apparatus used for determining ¢ritical times of contact 
of odorant-adsorbent pairs. A, air blower; B, odorant bottle; C, adsorbent column. 


in practice that with a suitable height of adsorbent column, the smell of the odorant material 
cannot at first be detected at the outlet end of tube C but that as the air speed is gradually 
increased it is detectable. Sometimes there is a vague ill-defined awareness of a smell at the outlet 
end of C, which cannot, however, be recognized as the known smell of the odorant; this sub-smell 
is not taken notice of but the first appearance of a recognizable smell is the point observed. Each 
observation takes about 20-30 sec and as a fresh charge of adsorbent is used for each observation 
there is no opportunity for the adsorbent to become saturated or even sufficiently heavily laden 
with odorant material for its performance to be significantly affected. 

If the appearance of a recognizable smell comes with an.air-speed of z c.c./sec. through an 
adsorbent column of height n cm in tube C, the critical time of contact of the air which has been 
odorized in bottle B with the adsorbent C will be 

n/2z sec (because the effective cross-section of tube C is $ cm’). 
For each odorant material the critical time af contact with each of the five adsorbents was 
measured, although in many cases the fat proved not to adsorb the odorant. Comparison of the 
critical times of contact for each odorant with the different adsorbents was then made and these 
times were suitably scaled so that a ‘number’ characteristic of each smell was obtained. Those 
odorant materials that had smells of the same kind generally had ‘numbers’ that were not very 
dissimilar, as will be seen below. 
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RESULTS AND DISCUSSION 


The experimental results are given in full for the series of observations made 
with oil of lemongrass and with n-butanol, the first two odorant materials to 
be used. The detailed experimental observations enable the spread of the 
separate observations to be assessed. The spread was much the same with the 
other odorants. 

One point that requires explanation is the unevenness of the steps between 
different heights of the adsorbent column in successive experiments. This 
arises from the fact that the column was partly filled at the start of each 
experiment, but its filled height was not read until after the critical air speed 
had been observed. When the observer did not know the height of the adsorbent 
column, he correspondingly did not know at what air speed (in his second and 
subsequent observations) to expect the appearance of odour. It was found in 
practice that this increased the reliability of the results and accordingly the 
height of adsorbent column was not observed until after the smelling test had 
been made. For this reason, there was no convenient opportunity to space 
out the adsorbent column heights for different observations with equal 
differences. 


TaBe 1. Times of contact required for adsorption of oil of lemongrass on various adsorbents 
Air speed at 

which lemon- Critical time 

Height of grass odour was of contact of 


adsorbent first clearl odorized air Mean critical 
column voneiaianihe with adsorbent time of contact 

Adsorbent (cm) (c.c./sec) _ (sec) (sec) 
Activated carbon 5-0 11-5 0-217 
6-0 17-0 0-177 

75 15-5 0-242 0-212 
10-5 27-0 0-195 
12-5 27-0 0-231 
Silica gel 3-0 12-5 0-120 
4-0 18-5 0-108 

| 21-0 0-119 0-129 
75 24-5 0-157 
8-0 28-0 0-143 
Activated alumina 10-5 22-0 0-239 
16-1 27-0 0-296 

19-0 35-0 0-272 0-265 
19-3 40-0 0-241 
19-5 35-0 0-278 
Activated fuller’s 77 14-5 0-265 
earth 8-6 17-5 0-247 

10-0 21-0 0-238 0-254 
13-4 25-0 0-268 
15-0 30-0 0-250 
Vegetable fat 12-0 16-5 0-364 
12-1 15-0 0-403 

12-4 14-0 0-443 0-452 
12-8 12-0 0-533 
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Using oil of lemongrass, which has a very high content of citral and a 
powerful lemon-like odour, as the odorant material, the results obtained were 
as shown in Table 1. 

When n-butanol was used as the odorant material, the observed results 
were as shown in Table 2. 


Tasie 2. Times of contact required for adsorption of n-butanol on various adsorbents 


Air speed at 
which n-butanol Critical time 
Height of odour was first of contact of 
t 


adsorben clearly odorized air Mean critical 
column recognizable with adsorbent time of contact 
Adsorbent (cm) (c.c./sec) (sec) (sec) 
Activated carbon 2-0 13-0 0-077 


2-3 15-5 0-074 
, 15-0 0-093 0-079 


Silica gel 2-6 15-0 0-087 
28 14-0 0-100 
46 38-0 0-061 0-086 
4:8 27-0 0-089 
5-0 270 0-098 
Activated alumina 4-0 10-0 0-200 
4°83 13-0 0-184 
10-0 27-0 0-184 0-218 
12-7 24-5 0-260 
15-0 36-0 0-210 
Activated fuller’s 2-2 17-0 0-065 
earth 3-0 19-0 0-079 
3-8 35-0 0-054 0-063 
4-4 39-0 0-056 
47 40-0 0-059 
Vegetable fat 24-0 10-0 >10 Not an effective 


adsorbent 


In a similar way the critical contact times for eleven other materials with 
the same five adsorbents were measured. The results, including those for oil of 
lemongrass and n-butanol were as shown in Table 3. 

The amyl alcohol used throughout was that known as B.S.-696, which is 
commonly used for milk testing and in which two isomers preponderate. 

In those cases where the critical time of contact exceeds 1 sec it is preferred 
simply to say that the adsorbent is not effective against that particular 
odorant; it is very unlikely that such a slow process would bear any relation 
to those processes which accompany olfaction, because smells are. usually 
perceived either quickly or not at all. The lowest critical time of contact is 
about 0-059 sec, and the highest of which we are taking cognizance is 1 sec. 
It will be convenient to arrange times within this range on levels which we 
can denote by the integers 0 to 8, reserving 9 for those times in excess of 1 sec. 
Further, it will be more realistic to have these levels so that they bear a 
logarithmic ratio to each other rather than an arithmetical one. This can be 
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TaBLE 3. Times of contact required for adsorption of odorants on various adsorbents 


Odorant 


Amy! alcohol 
(B.8.-696) 

n-Butyl alcohol 

Carbon tetra- 
chloride 

Allyl caproate 

Ethyl acetate 

lactate 


Type of odour 
Fusel oil 


Spirituous bitter 
Spirituous 
sweetish 


Spirituous, 
nauseous 
Rank, repulsive 
Spirituous sweet 
Lemon-like 
aromatic 


Onions 
Faecal, nause- 
ating 


Critical time of contact (sec) with 


Silica 


0-106 


Activated 
Activated ffuller’s Vegetable 
alumina earth fat 

0-338 0-096 >1 
0-218 0-063 >I 
0-800 >1 
0-297 0-173 0-603 
0-280 0-258 >1 
0-273 0-106 
0-331 0-166 0-381 

>1 
0-487 0-500 0-789 
0-590 0-863 1 
0-265 0-254 0-452 
0-730 0-994 >1 

>1 


done conveniently if the increment between one odour level and the next is 


37%, so that 


0 represents critical times of contact from 0-059 to 0-081, 


oor wn 


0-082 to 0-111, 
0-112 to 0-152, 
0-153 to 0-208, 
0-209 to 0-285, 
0-286 to 0-390, 
0-391 to 0-534, 
. 0-535 to 0-732, 
0-733 to 1, 
higher than 1 sec. 


Using this notation we can write the critical times of adsorption (as deter- 
mined by odour test) for amyl alcohol as 


2 on activated carbon, 
1 on silica gel, 
5 on activated alumina, 


1 on activated fuller’s earth, 
9 on vegetable fat, 


or we can use the number 21519 to characterize its adsorption properties as 


determined by odour test. Similarly the information contained in Table 3 
can be rewritten as shown in Table 4. 


These figures are indicative of adsorption characteristics and have been 
obtained by olfactory test; they are not necessarily indicative of smell 


3 
q Activated 
0-117 
0-079 0-086 
0-119 0-263 
Pineapple 0-126 0-110 
Fruity 0-142 0-110 
Fruity, rum 0-081 0-062 
Wintergreen 0-078 0-106 
0-281 0-507 
sulphide 
| Pyridine 0-133 0-129 
a Acetone 0-242 0-170 
4 Oil of lemongrass 0-212 0-129 
Onions 0-059 0-153 
Faeces 0-059 0-080 
>? 
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properties. If, however, adsorption does play an important part in the 
experience of olfaction, as it is believed to do, then it is very likely that the 
figures given in Table 4 will be indicative not only of adsorption charac- 
teristics but also of odour characteristics. How, in fact, do they appear when 
viewed in this light? 


TaBue 4. Adsorption characteristics of odorants expressed on logarithmic scale 


Amy] alcohol (B.S.-696) 21519 Carbon disulphide 46999 
n-Butyl alcohol 01409 Pyridine 22668 
Carbon tetrachloride 24899 Acetone 43789 
Allyl caproate 21537 Lemongrass oil 42446 
Ethyl acetate 21449 Onions 03789 
Ethyl lactate 00419 Faeces 00999 
Methyl salicylate 01535 


First, all the odorants have different smells and all have different numbers. 
Conversely all substances that have different numbers, have different smells. 
Secondly, there are two pairs of substances with somewhat similar smells and 
with not very dissimilar numbers; thus amyl and n-butyl alcohols both have 
fusel oil bitter type odours and their odour characteristic numbers are: 


21519 amyl alcohol (B.8.-696), 
01409 n-butyl alcohol, 


these betraying a family resemblance. Then, again, allyl caproate 21537 
and ethyl acetate 2 1 4 4 9 both have simple fruity smells and both again have 
odour characteristic numbers which are not very dissimilar. Thirdly, the 
unique nature of the characteristic number 46999 of carbon disulphide 
which has a quite unique and nauseating smell is reassuring; so, too, is the 
unique nature of the faeces number 0 0 9 9 9. 

Probably most people would agree that of the thirteen odorants used in this 
work, those with the most pleasant smells are: allyl caproate, ethyl acetate, 
and lemongrass, which are characterized respectively by 21537, 21449 
and 42446. This prompts the thought that pleasantness of smell may be 
associated with fairly uniform adsorption on different adsorbents, whilst 
extremes of difference such as are found in the odour of faeces, 0 0 9 9 9, tend 
to unpleasantness. This leads to the corollary that uniformity of the spatial 
activation of the peripheral receptors will lead to pleasant odours, whilst 
intense local activation will lead to unpleasant smells. 


Adsorption characteristics of chemically unrelated substances with similar odour 

But although the odour characteristic numbers of n-butyl and amyl 
alcohols were not very dissimilar, it has to be remembered that these two 
substances are very closely related in chemical constitution. Again, although 
allyl caproate and ethyl acetate both possess fruity odours and both had some- 
what similar adsorption characteristics, there was once again a close, even if 
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not quite so close, chemical resemblance in that both were esters. The question 
as to whether the similarity of adsorption characteristics was due to similarity 
of chemical constitution or to similarity of smell really remained open. It was 
thought that a crucial test to resolve this question would be to examine the 
adsorption characteristics of two substances which had similar smells but 
which were very unlike in chemical constitution. 

Musk and ambrette musk. The pair of substances chosen for this test was 
natural Tonquin musk and ambrette musk. The natural musk was in the form 
of grains and was the dried secretion from the male musk-deer. As has been 
shown by Ruzicka (1926), the essential principle of musk is 3-methyl-cyclo- 
pentadecanone 

H——-CH, 
(CH) 
This macrocyclic ketone, known as muscone, constitutes from 4 to 2% of 
natural musk. 

Musk is an essential constituent of most perfumes but natural musk is so 
expensive and rare that a number of synthetics which have odours very similar 
to that of natural musk are manufactured. One of the most popular of these 
is ambrette musk which was shown by Zeide & Dubinin (1932) to be 1-methy]- 
2 : 6-dinitro-3-methoxy-4-tert-butylbenzene 


0,N NO, 


O(CH,), 


In chemical constitution it could hardly be more remote from muscone, and 
yet its smell is very similar to, although certainly not quite the same as, that 
of natural musk. 

When trials with these two substances were made along the lines already 
described, the smell of the odorized air, i.e. of the air that had been passed over 
either the musk grains or the crystalline ambrette musk was not instantly 
recognizable. Although musks of all kinds have extremely persistent smells, 
these smells are not very intense, because the musks have extremely low vapour 
pressures. Those of both muscone and ambrette musk are of the order of only 
0-001 mm Hg. In order to intensify their odours so that measurements could 
be made easily, it was necessary to raise their vapour pressures and this was 
done by warming them. The bottle B, containing either of the musks, was 
immersed in a water-bath at 55° C; this greatly increased the vapour pressure 
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of the musk and the odour in air that had been blown over it was thereby 


rendered so intense that there was no difficulty at all about detecting the 
appearance of the odour. 
Results obtained were as shown in Table 5. 


TaB_e 5. Adsorption time for two musks 
Critical time of contact (sec) with 


Activated 


Activated Silica Activated fuller’s Vegetable 
Odorant carbon gel alumina earth fat 
Natural musk >1 >1 >1 >1 
Ambrette musk >1 >. >1 >1 >1 


The surprising result emerged that in neither case was any of the five 
adsorbents used effective. In other words, musk, whether natural or 
‘ambrette’, cannot be at all efficiently adsorbed by activated carbon, silica 
gel, activated alumina, activated fuller’s earth or vegetable fat. Here were 
two substances unrelated in every way except in similarity of smell, which 
showed the most unusual and unexpected resistance to adsorption. When it is 
remembered that the odour of natural musk is designed to attract animals of 
the opposite sex from a distance of some miles, and when the very low vapour 
pressure of musk itself is recalled, it is clear that the vapour must be in an 
extremely tenuous form when it is perceived by the female deer. If musk 
vapour could easily be adsorbed, e.g. on timber, on leaves, or on minerals, it 
would have very little chance to spread and still to be perceptible over the 
very large areas that it undoubtedly is. Perhaps the resistance of musk to 
adsorption is a provision on the part of nature to ensure that its warning 
odorant molecules shall have a chance to reach the appropriate animals even 
at considerable distances. 

There was, however, one point to check. Whereas the measurements shown 
in Table 3 had been made with the odorant material in every case at room 
temperature, these later measurements with musk had been made with the 
odorant at about 50-55° C. A check run was therefore made with n-buty] 
alcohol at 55° C and it was found that both activated carbon and silica gel 
would completely adsorb it without difficulty. It should be noted that 
although the odorant material was kept at an elevated temperature, the air 
that was passed over it was in the heated bottle for only such a relatively 
short time that it was not appreciably warmed. 

So far as concerned the behaviour of the two musks, the results were 
unexpected, but they did confirm, so far as they showed anything at all, that 
behaviour towards adsorbent was similar if smell was similar, irrespective of 
differences of chemical constitution. In view, however, of the abnormal 
resistance of the musks to adsorption, it seemed all the more necessary to 
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make a comparison of the adsorbent properties of two other odorants with 
similar smells but dissimilar chemical constitution. 

a-Ionone and methyl octine carborylate. Both a-ionone and methyl octine 
carboxylate have powerful violet odours; these are not quite the same, but 
they do have a very obvious similarity when smelt. Their chemical constitu- 
tions are very different: «-ionone is a ketone with a ring structure 


CH, 
CH.CH:CH.CO.CH, 
whereas methy] octine carboxylate is a straight chain ester 
CH,(CH,),C : C.COOCH, 


Both substances have relatively high vapour pressures and there was no 
difficulty at all about making adsorption tests with them at room temperature. 
Using the method described earlier in this paper, their critical times of contact 
with five different adsorbents were ascertained and were as shown in Table 6. 


TaBie 6. Adsorption times for two substances with violet odours 
Critical time of contact (sec) with 


Activated 
Activated Silica Activated fuller’s Vegetable 
Odorant carbon - gel alumina earth fat 
«-lonone 0-086 0-084 0-145 0-115 0-700 
Methyl octine 0-150 0-106 0-199 0-125 0-465 


carboxylate 


It is at once evident that there is a considerable degree of correspondence in 
the critical times of adsorption of «-ionone and methyl octine carboxylate 
towards the five adsorbents used for test. If these critical times are converted 
to the logarithmic scale shown on p. 460, we obtain: 


a-Ionone 11227 
Methyl octine carboxylate 2132 6 


which again demonstrates the similarity but not identity of adsorption 
characteristics. Inasmuch as the odours of «-ionone and of methyl octine 
carboxylate are somewhat similar but not exactly the same, the agreement is 
reasonable, and supports the thesis that the adsorption behaviour of an 
odorant material is more closely related to the quality of its odour than to its 
chemical constitution. One cannot but observe the very low critical times of 
contact which both of these violet smelling compounds have for four of the 
five adsorbents used; of all the odorant materials used in this work they are 
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much the most easily adsorbed and it seems likely that this very rapid 


adsorption may well be the cause of the familiar evanescence or fleeting nature 
of the violet perfume. 


SUMMARY 


1, Experiments have been carried out to test the hypothesis that the odour 
of a substance depends on its adsorption characteristics. 

2. An objective technique is employed in which the subject is required only 
to state the time at which an odour becomes recognizable. 

3. It has been shown that substances that have different odours do behave 
differently towards adsorbents but that substances which have odours of the 


same general type, e.g. fruity, behave not very differently amongst themselves 
to the adsorbents. 

4. A comparison has been made of the adsorption behaviour of compounds 
of very similar odour but of very unlike constitution. The results of these 
experiments indicate that the adsorption behaviour is related to the smell and 
that it is not obviously related to the chemical constitution. 


The work described has been carried out with funds provided by Airkem Inc., New York. 


REFERENCES 


ApriAy, E. D. (1949). Sensory Integration, pp. 10-12. Liverpool: University Press of Liverpool. 
Beck, L. H. & Miugs, W. R. (1947). Some theoretical and experimental relationships between 
infrared absorption and olfaction. Science, 106, 511. 


Brewrana, R. (1941). Dimensional characterization of odors. Chron. Bot. 6, 249-250. 


Crocker, E, C. & Hzenpersox, L. F. (1927). Analysis and classification of odors. An effort to 
develop a workable method. Amer. Perfum. 22, 325-327, 356. 


Doroven, G. L., Grass, H. B., Gresnam, T. L., Matons, G. B. & Ret, E. E. (1941). Structure- 
property relationships in some isomeric octanols. J. Amer. chem. Soc. 63, 3100-3110. 


Dyson, G. M. (1938). Scientific basis of odour. Chem. & Ind. (Rev.) 57, 647-651. 


Gruisws, G. (1918). Is there any relation between the capacity of odorous substances of absorbing 
radiant heat and their smell intensity? Proc. Acad. Sci. Amst. 21, 476-478. 

Hennine, H. (1916). Der Geruch. Leipzig: Barth. 

Heywtnx, A. (1917). Odours; classification; ultra-violet absorption ; vibrational theory of odour. 
Thesis, Utrecht. 

Jounston, J. W. (1953). Infrared loss theory of olfaction untenable. Physiol. Zodl. 36, 266-273. 

Moncaterr, R. W. (1951). The Chemical Senses, 2nd ed. pp. 375-401. London: Leonard Hill. 

Naves, Y. R. (1951). Odour and optical isomerism. Perfum. essent. Oil Rec. 42, 40-43. 

Ocug, W. (1870). Anosmia; cases illustrating the physiology and pathology of the sense of smell. 
Med.-chir. Trans. 58, 263-290. 

Ruzioxa, L. (1926). Ober die Konstitution des Muscons. Helv. chim. acta, 9, 715-729, 1008-1017. 

Zee, 0. A. & Dusrr, B. M. (1932). The structure of amber musk. I. Structure of methyl ether 
of pseudo-butyl-m-cresol and its products of nitration. J. gen. Chem., Moscow, 2, 455-471. 

ZwWAARDEMAKER, H. (1895). Die Physiologie des Geruchs. Leipzig: Engelmann. 


30 PHYSIO. CXXV 


> 
7 


J. Physiol. (1954) 125, 466-474 


REAPPEARANCE OF RENAL EXCRETORY RHYTHM 
AFTER FORCED DISRUPTION 


By J. N. MILLS, 8. THOMAS ann P. A. YATES 
From the Department of Physiology, University of Manchester 


(Received 19 February 1954) 


The diurnal rhythm in output of sodium, chloride, potassium, phosphate and 
hydrion is not present at birth and is apparently derived from habit and 
environment during the first 4-6 weeks of life (Beyer & Kayser, 1949). If 
most or all cyclic influences are suspended (Bazett, Thurlow, Crowell & 
Stewart, 1924; Cohen & Dodds, 1924; Stanbury & Thomson, 1951) or reversed 
(Mills, 1951; Campbell & Webster, 1922; Jores, 1935), or if 12 hr cycles of rest 
and food are substituted (Mills & Stanbury, 1952), these renal rhythms still 
persist, at least for some days. Beyer & Kayser found a similar persistence 
even during the first year of life. Two explanations are possible for this 
persistent rhythmicity when its presumptive ultimate cause is suspended. 
Either there is some continuing cyclic influence upon the kidney, in the form 
perhaps of cyclic hormonal or other chemical changes in the blood; or the 
rhythm is, in Kleitman’s (1949) sense, a cycle, that is, each phase is the 
immediate cause of the next. This is referred to, by obvious simile, as the 
‘pendulum’ theory. It could take many detailed forms. One such is that by 
the end of the night, when the kidney has been excreting an acid urine, the body 
is left with a relative metabolic alkalosis, and responds, irrespective of change 
in habit or environment, by excreting a more alkaline urine. If this change 
is sufficiently sustained, it results in over-correction, leaving the body in a state 
of acidosis, which by night is again corrected by the excretion of an acid urine. 

The object of the present paper is to discriminate between these two 
possibilities. On the pendulum theory, if the rhythm were completely dis- 
rupted it would not immediately reappear with its previous phase relations. 
If, however, there were some persistent extrarenal cyclic influence, it would 
immediately force the kidney into its usual rhythm once the disrupting force 
ceased to operate. At the same time, study of several electrolytes has thrown 
some light upon the inter-relationship of their excretory rhythms. 

In order to disrupt the renal rhythms, large doses of alkalinizing potassium 
salts were ingested on 3 successive nights. This elevated the night output 
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of potassium, sodium and chloride and depressed the night hydrion output, 
to a value near to the usual morning peak or trough. After the rhythm had 
been thus disrupted for 3 nights, the subject was placed under moderately 
constant conditions for 24 hr and the behaviour of his kidneys was observed. 
A preliminary account of one such experiment has already appeared (Mills & 
Thomas, 1953). We have repeated the observations 3 times, using two new 
subjects. 


METHODS 


The authors were the subjects of the experiments, three healthy males aged 22 to 39 years. 
Doses of 60-90 m.equiv K salts were taken at about 19.00, 23.00 and 03.00 hr on each of three 
consecutive nights. Urine was collected in successive aliquots from bedtime until 15.00 hr next 
day. After the third night, urine collection continued into the 24 hr recovery period, which began 
at 13.00 hr. Sampling was hourly during this recovery period, and 2- to 4-hourly during the pre- 
liminary period of disruption. During this preliminary period an ordinary routine of meals and 
sleep was followed but caffeine and related substances were not permitted during sampling nor 
for 4 hr before. The subject spent the final 24 hr under as nearly constant conditions as possible. 
He consumed hourly 100 ml. distilled water, and one biscuit, Na content 1-8 m.equiv, K content 
0-3 m.equiv, P content 0-3 m.mole, and spent the time in chemical analyses, except, in two experi- 
ments, for about an hour’s unintended sleep. Since in earlier experiments (Mills & Stanbury, 1953) 
it had appeared that the electrolyte excretion during the first few hours of such a 24 hr period was 
affected by meals taken shortly before, the regular hourly intake of water and biscuit, instead of 
ordinary meals, was begun at the end of the third night of potassium loading, i.e. 5 or 6 hr before 
the final 24 hr period began. 

Four such experiments have been performed. In the one already reported (Mills & Thomas, 
1953) the potassium was taken as a mixture of equal parts by weight of acetate, bicarbonate and 
citrate; in three further experiments, one on each subject, it was taken as bicarbonate. 

Urine samples, collected under paraffin, were analysed for chloride (Sanderson, 1952), sodium 
and potassium (flame photometer, EEL, Collins & Polkinhorne, 1952), bicarbonate (Van Slyke & 
Neill, 1924), ammonium (aeration-titration, Hawk, Oser & Summerson, 1947), creatinine 
(Bonsnes & Taussky, 1945) and phosphate (Fiske & SubbaRow, 1925), and pH was determined 
with glass electrode at 37° C. Biscuit was ashed before solution and analysis. Hydrion output was 
calculated as described by Longson & Mills (1953). 


RESULTS 


The experiments agreed so well in all important respects that the mean of all 
four is presented. Potassium outputs in the first have already been published 
(Mills & Thomas, 1953). The high dose of potassium taken by night elevated 
the output of potassium, sodium and chloride above both the normal peak and 
the level actually observed on the following morning (Fig. 1). Hydrion output 
by night was likewise depressed from a positive to a considerable negative 
value. The habitual rhythm in output of these four electrolytes was thus 
completely disrupted. Fig. 1 includes the mean of three control outputs, one 
on each subject; these are typical of some thirty similar controls on the present 
as well as on other subjects. 

Fig. 2 shows the subsequent excretion when the subject remained under 
constant conditions for 24 hr. This was closely similar in all four experiments. 
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For comparison, the mean of two control 24 hr periods uponsubject M, 
referred to by Mills & Stanbury (1954), is also presented. In one, the subject 
was engaged in laboratory analyses, and fasting ; in the other, he was recumbent 
but awake throughout, and taking regular small hourly meals as in the present 
series. Despite these differences in circumstances, the outputs followed 
a very similar course in both experiments, so again only the means are pre- 
sented. Closely similar curves have been obtained on other subjects (see, for 
example, Stanbury & Thomson, 1951). It will be seen that both potassium 
and hydrion showed a rhythmic excretion very similar to that in control 


Time (hr) 
9111315 2313 57 9 111315 


23313 S 7 9141315 
Na’ 


Night 1 Control 


Night 2 


9111315 231 35 7 9 111315 
Time (hr) 


Fig. 1. Mean urinary output of hydrion, potassium and sodium in control experiments, and during 
3 successive nights of heavy dosage with potassium salts, 60-90 m.equiv at each arrow. 


experiments. With sodium, the timing was the same as in controls, but the 
amplitude of the variations very uch less. This was probably due to sodium 
depletion induced by repeated potassium administration, since Stanbury & 
Thomson (1951) have recorded a similar ne of the curve of sodium 
excretion, with preservation of its customary timing, in deliberately induced 
sodium and chloride deficiency. The size of the sodium deficit induced by 
potassium administration was roughly estimated by summing the excess 
sodium excretion during the three nights over the mean output of control 
nights. For Y, not enough control determinations are available to form a re- 
liable estimate; for the other three experiments the cumulative deficits thus 
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estimated were 110, 250 and 110 m.equiv. A better estimate was impossible 
without complete 24 hr collection of urine and analysis of ingesta. 

Chloride, like sodium, showed a rhythmic excretion during all four 24 hr 
recovery periods with the peaks and troughs at the same time as the control 
experiments but the amplitude much less, as Stanbury & Thomson (1951) had 
also observed in salt deficiency. Its excretory pattern throughout was so 
similar to that of sodium that no separate data are presented. 


Time (hr) 


13 15.47 19 13 1S 17 


300 
250 Na 
200 


o 888 


Urinary output (jequiv/min) 


0 


$9 | 
0 
Time (hr) 
Fig. 2. Mean urinary output of sodium, potassium and hydrion: @—®, control expts.; O—O, final 


24 hr recovery period after 3 nights with rhythm disrupted. Outputs are plotted at the 
middle of the hourly collection periods. | 


Ammonium output was very low during the period of K loading, usually 
below 10 and often below 5 pequiv/min, as against normal nocturnal excretory 
rates of 20-30 pequiv/min (Black & Mills, 1954), but its usual rhythm re- 
appeared during the ensuing 24 hr. Bicarbonate accounted for most of the 
negative hydrion output during the loading period; and in the recovery 
period, though of less quantitative importance, it resumed its customary 
rhythmic behaviour. 

Creatinine excretion does not, in our experience, show any very regular 
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diurnal periodicity. This output has been used, in the manner described by 
Longson & Mills (1953), as a check on the completeness of bladder emptying, 
and no indication of incomplete emptying was ever found. 

Phosphate excretion was the least consistent as between one experiment and 
another. Only on the first night were the curves of the four experiments 
sufficiently similar to be averaged (Fig. 3). The night output was always 
depressed below, and often far below, the usual value; this is to be expected 


Urinary phosphate output (j4mole/min) 


L 
23 3 7 1 15 
Time (hr) 
Fig. 3. Urinary phosphate output. Above, mean of three control experiments; below, mean of 
four experiments on first night of heavy potassium dosage. 


on taking alkalinizing salts (Longson & Mills, 1953; Black & Mills, 1954). The 
lowest value was, however, still always observed between 08.00 and 10.00 hr 
as is usual in control 24 hr periods (Mills & Stanbury, unpublished observations). 
This morning fall of phosphate excretion is usually associated with an in- 
creasingly alkaline urine, but in the present experiments still occurred even 
when the hydrion excretion remained fairly constant (cf. Figs. 1 and 3), and on 
some occasions when hydrion output actually rose steadily. The usual 
relationship between phosphate and hydrion outputs in fact broke down, 
and it appears that the normal rhythm in phosphate output was not com- 
pletely destroyed by our procedure. When the subject assumed constant con- 
ditions, however, a normal rhythm in phosphate output did not reappear. The 
four curves obtained were too dissimilar to be averaged (Fig. 4) and they were 
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also unlike curves obtained in control experiments, in that the lowest phosphate 


excretion occurred, in three out of four, before or around midnight instead of 


about 07.00 to 09.00 hr. 
Time (hr) 
30+ 30 
20 
30 
20 
10 
30 
420 
410 
Time (hr) 


Fig. 4. Urinary phosphate outputs during one control night upon M, A—A, and 24 hr recovery 
periods after 3 nights of heavy dosage with potassium salts; O—O and @—®@, subject M; 
a—8, subject T; @—@, subject Y. Outputs are plotted at the middle of the hourly collection 
periods. Subjects awake and active, except for brief period of sleep indicated for subject M. 


DISCUSSION 


The stability of the renal excretory rhythms is evidenced by the difficulty 
encountered in-disrupting them. The dose of potassium taken by night was 
several times the normal total daily intake, and smaller doses were ineffective. 
Although the primary object was to disrupt the rhythms of potassium and 
hydrion, the sodium and chloride rhythms were also disrupted by the familiar 
effect of potassium administration upon the excretion of these two ions 
(Bourdillon, 1937; Winkler & Smith, 1942; Liddle, Bennett & Forsham, 1953; 
Black & Mills, 1954). As a result the body was left with a considerable 
sodium and chloride deficit at the beginning of the final 24 hr period. 

No difference was observed between the results of the first experiment 
(Mills & Thomas, 1953), when potassium was taken as the triple mixture of 
acetate, citrate and bicarbonate, and the three later ones when it was taken as 
bicarbonate. 

The results: show clearly that, although the renal excretory rhythms for 
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hydrion, potassium, sodium and chloride can be destroyed by a large intake 
of potassium salts at night, these rhythms re-emerge as soon as the subject 
stops taking potassium, even though he maintains more or less constant 
external conditions for 24 hr. This disposes of any ‘pendulum’ theory of self- 
perpetuating rhythm, and implies some persistently rhythmic extrarenal 
influence which affects excretion of all these electrolytes. 

The connexion between the renal handling of these four ions is not yet clear. 
Mills & Stanbury (1954) have produced evidence that potassium and hydrion 
excretions are intimately related by the mechanism described by Berliner, 
Kennedy & Orloff (1951) as ‘ion exchange competition’ in the distal tubule, 
which may be located in the mitochondria (Bartley & Davies, 1952; Stanbury 
& Mudge, 1953), The intimate inverse relationship between the excretion of 
these two ions is fully borne out by the present findings. The parallelism in fine 
detail, obscured by our presentation of means, is even more impressive than 
the broad outline of the diurnal rhythm in which several ions show roughly 
the same variations in output. 

Sodium and chloride excretory patterns were very similar to one another. 
This similarity is also evident on occasions when potassium excretion follows 
a different course from that of sodium and chloride (Longson, Mills, Stan- 
bury & Thomas, unpublished observations; Mills & Stanbury, 1954). Observa- 
tions of Rosenbaum, Ferguson, Davis & Rossmeisl (1952, fig. 3, days 4—11) 
show a similar dissociation of sodium and chloride from potassium excretion. 

The sodium and chloride rhythm in the recovery period showed a normal 
timing but very small amplitude. Stanbury & Thomson (1951) have observed 
an exactly similar flattening of the excretory curve, with preservation of the 
normal timing, in experimentally salt-depleted subjects. In the present 
experiments cumulative sodium deficits of some 100-250 m.equiv were in- 
duced, an amount quite sufficient to depress sodium output severely (Black, 
Platt & Stanbury, 1950; Black, 1952). 

The night output of phosphate was depressed by the administration of 
alkaline potassium salts, as Black & Mills (1954) had observed less strikingly 
with smaller dosage, The matutinal excretory minimum persisted, however, 
and the usual relationship between phosphate and hydrion output dis- 
appeared, suggesting that the phosphate excretory rhythm is separable from 
that of other electrolytes. In a normal diurnal cycle, when high phosphate and 
high acid output. coincide, the one presumably reinforces the other (Schiess, 
Ayer, Lotspeich & Pitts, 1948), but a normal diurnal rhythm in acid output 
can occur despite almost zero phosphate excretion (Stanbury & Thomson, 
1951). In the present experiments a rising hydrion output was actually 
observed with a falling phosphate output. The irregular excretion of phos- 
phate during the final 24 hr recovery period also contrasts strikingly with the 
regular excretory rhythms of other electrolytes. Phosphate excretion is known 
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to be more easily affected by change in habits than is that of other ions. Thus, 
reversal of waking-sleeping habits easily reverses phosphate excretory rhythms 
(Campbell & Webster, 1922); the phosphate rhythm is markedly affected by 
meals, posture and exercise (Simpson, 1929); and subjects living on a 12 hr 
cycle of food, sleep, etc., showed a 12 hr cycle of phosphate excretion (Mills & 
Stanbury, 1952). In addition, only the phosphate rhythm is associated with 
rhythmic changes in its concentration in plasma (Stanbury & Thomson, 1951; 
Mills & Stanbury, 1953). 

We are not yet in a position to identify the immediate cause of these 
persistent renal rhythms, beyond the suggestion (Mills & Stanbury, 1954) that 
it may be some general metabolic influence which affects the kidney at two 
different points, functionally and perhaps anatomically distinct, the one con- 
cerned with handling potassium and hydrion and the other with sodium and 
chloride. Other influences may affect one or other of these renal functions, 
producing the occasional dissociations between sodium and potassium 
rhythms. The phosphate rhythm may be quite distinct except for a common 
origin in the diurnal rhythm in the environment. 


SUMMARY 


1. The diurnal renal excretory rhythms for hydrion, potassium, sodium 
and chloride have been disrupted by administration of alkaline potassium 
salts at night, which changed the night excretory level to around or beyond 
the characteristic morning value. 

2. After 3 nights of such disruption, the subjects spent 24 hr awake, active, 
and consuming small hourly meals. Despite these constant conditions, 
a normal rhythm in output of hydrion, potassium, sodium and chloride 
promptly reappeared. | 

3. Phosphate excretion by night was depressed; but it was still lower next 
morning, as in control experiments; in the subsequent 24 hr period under 
constant conditions the phosphate excretory rhythm was atypical. 


4. It is concluded that the persistently rhythmic excretion of hydrion, — 


potassium, sodium and chloride, when external rhythms have been sus- 
pended, must be due to some persistently rhythmic extra-renal influence. 
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RESPONSES OF THE GASTRIC MUSCULATURE OF THE SHEEP 
TO SOME HUMORAL AGENTS AND RELATED SUBSTANCES 


By DOROTHY L. DUNCAN 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 24 February 1954) 


The number of published papers dealing with the pharmacology of the rumi- 
nant stomach is still small. An approach was made to the subject by Wester 
(1926), and later work includes that of Amadon (1930), Dougherty (1942) and 
the South African group, Quin & van der Wath (1938), Quin & Clark (1946) 
and Clark (1950a). The effects of choline esters and adrenaline were studied by 
Brunaud, Dussardier & Labouche (1950) and Brunaud & Dussardier (1951, 
1953). The subject was reviewed by Clark (19506). Except by Brunaud e¢ al. 
(1950) most attention so far has been given to the responses of the rumen, and 
for this reason an extension of study to other parts of the stomach was needed. 
Because the work described here was done primarily as part of a wider study of 
gastric motility in the sheep, only those substances were studied which are 
believed to take part in the transmission of nerve impulses and to act as local 
hormones. Observations were also made on surviving gastric musculature 
in vitro. 
MATERIAL AND METHODS 

Experiments with sheep. Scottish Blackface wethers were provided with ruminal and abomasal 
cannulae, usually of the ebonite type as described by Phillipson & Innes (1939), and were trained 
to stand quietly in a metabolism crate. Gastric motility was transmitted to air-filled rubber 
balloons and water manometers, pressure changes being recorded on a smoked paper. The ruminal 
cannulae had an internal diameter of about 2 cm and allowed simultaneous recording from balloons 
in the reticulum and rumen. The polythene tube connecting the reticulum balloon to the mano- 
meter system was supported by a stiff wire bent to allow the balloon to be passed through the 
rumino-reticular orifice. The rumen balloon was placed in the dorsal sac within a short distance 
of the cannula. A more sensitive, thin rubber balloon was preferred for the abomasum and this 
was placed in the mid-region of the organ. Two manometers were used and simultaneous records 
were made from any two of the three sites described. _ 

The average weight of the sheep was 30 kg. Each substance was given to at least six sheep, and 
usually at least 48 hr elapsed between successive experiments on one sheep. Four sheep were used 
for pharmacological experiments after bilateral thoracic vagotomy, combined in three with bilateral 
splanchnic section; the history of these sheep has been given in an earlier paper (Duncan, 1953). 
One adrenalectomized ewe was made available by Mr J. V. R. Evans. Two sheep and a goat were 
used for acute experiments during which they were anaesthetized with sodium pentobarbitone. 
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Experiments with isolated surviving gastric musculature. Material was obtained either from the 
local slaughterhouse or from sheep killed at the Institute for experimental purposes. The tissue 
was removed almost immediately after slaughter and was placed in ice-cold Ringer-Locke solution 
for transport to the laboratory. Muscle strips were prepared as soon as possible, since good results 
could not be obtained with material stored overnight at about 1° C. To avoid stretching the muscle 
a strip of stomach was cut in the appropriate direction and the mucosa and unwanted muscle layer 
were gently clipped off with fine scissors. The strip of tissue was then mounted in a bath of 50 ml. 
ity containing oxygenated Tyrode solution at 38°C. An isotonic lever was employed for 
recording. 


RESULTS 
Experiments with sheep 
Acetylcholine chloride administered intravenously in doses of 0-5 mg or less 
had no effect. With doses of 1-0-10 mg activity in all parts of the stomach 


immediately decreased or stopped. With 3-5 mg complete inactivity of rumen 
and reticulum lasted only about 2-5 min, but the amplitude of subsequent 


Acetylcholine, 3 mg i.v. 
Fig. 1. Effect of acetylcholine, 3 mg intravenously, on reticulum (above) and rumen. 
The rapid movements immediately after the injection are the result of coughing. 


contractions was depressed for about 30 min. Depression of abomasal activity 
was less. Immediately after the injection the sheep usually coughed violently, 
which masked the stomach movements for a few seconds, but on the rare 
occasions when coughing did not occur no sign of a rapid contraction could 
be detected in any part of the stomach. | 

In several experiments sheep received physostigmine sulphate (eserine) 
before acetylcholine. Since the effective dose of eserine alone was found to be 
at least 10 mg (see below) only 2-5 mg were given before acetylcholine. Some 
potentiation of the acetylcholine effect was seen, as slight depression of reticulo- 
ruminal motility was obtained in the eserinized sheep with only 0-1-0-2 mg 
acetylcholine. 


| 
a 
| 
5 
« 
q 
a 
4 
‘ 
A 


HUMORAL AGENTS AND THE SHEEP STOMACH 477 


One adrenalectomized sheep was studied 7 and 22 hr after removal of the 
second adrenal. Cortisone had been administered and blood chloride was in 
the normal range. During the first experiment the sheep was probably still 
affected by the anaesthetic (Nembutal) and motility of the rumen and reti- 
culum was reduced, one contraction cycle occurring about every 5 min. Three 
successive injections, of 0-5, 1-0 and 1-5 mg acetylcholine, produced no effect 
on gastric motility. The general reaction to the third injection was fairly 
marked, with laboured breathing and signs of distress, and it was not con- 
sidered safe to increase the dose. There was, however, no indication of sensi- 
tization to acetylcholine. The experiment was repeated on the following day; 
ruminal activity was normal and the sheep had been ruminating. The injection 
of 1 mg acetylcholine produced no rumen contraction, and only a very slight 
inhibition. 

In vagotomized sheep with inactive rumen and reticulum, injection of 
acetylcholine had no effect on the stomach, but in one sheep in which intrinsic 
activity of the reticulum was present (Duncan, 1953) this was abolished for 
more than 30 min by injection of 2 mg acetylcholine. 

Acetylcholine injected directly into the muscle of the reticulum in anaes- 
thetized sheep, and in one goat, with open abdomen, invariably produced 
strong, localized contracture. 

Carbaminoylcholine chloride (carbachol) was administered intramuscularly 
in doses of 0-25-0-5 mg. Owing to the prolonged action of carbachol, atropine 
was always given at the end of the experiment. Carbachol always increased 
both tonus and frequency of rumen contractions, sometimes to a state of 
incomplete tetanus. The increase in frequency of contractions outlasted the 
tone increase, so that a period of marked activity followed the tetanic condition 
when this occurred. The effect of carbachol upon the abomasum was less but 
was also one of increased tonus and activity. The effects upon the reticulum 
were more variable. The smallest dose employed, 0-25 mg, on several occasions 
increased activity in the reticulum, but in contrast to the effect in the rumen 
this was an increase in the amplitude, and not in the frequency, of contractions. 
Dosage at the upper end of the range, and indeed sometimes the small dose, 
after a brief initial stimulation inhibited movement in the reticulum. There was 
a sudden and complete cessation of contractions, and this was not a tetanic 
effect, since it was not accompanied by increased tonus. The dose of 0-5 mg was 
sufficient to induce profuse salivation and some respiratory embarrassment, so 
a larger dose was not employed. In two vagotomized sheep in which the rumen 
and reticulum were showing intrinsic activity, carbachol increased this activity. 

Physostigmine sulphate (eserine) was also given intramuscularly, in doses 
varying from 2-0 to 20 mg. The experiments were terminated by administra- 
tion of atropine. It was found that the action of eserine was not developed until 
approximately 40 min after injection, probably because of slow absorption. 
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and 15 min interval 


| Fig. 2. Effect of carbachol, 0-5 mg intramuscularly, on reticulum (above) and rumen. The injec- 
- tion was given at the vertical stroke and 15 min elapsed before the second part of the tracing. 
F The increase in tonus of the reticulum was not commonly seen but that of the rumen always 


. occurred, The excursions of the reticulum lever after the drop in tonus are entirely due to 
respiratory movement. 


eves. 20 min later 40 min after injection 
20 mg i.m. 


Fig. 3. The effect of eserine, 20 mg intramuscularly, on the reticulum (above) and abomasum. 


The injection was given at the end of the ‘control’ record. The second part was taken 25 min 
later and the third, 40 min after the injection. Time intervals, 5 sec. 
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The smallest effective dose was 10 mg and the effect upon the rumen was 
very similar to that of carbachol. The reticulum also responded as it did to 
carbachol, but the stimulatory phase, with increased amplitude of contractions, 
was most commonly seen, and periods of inhibition were relatively fewer and 
shorter. Only on a few occasions was abomasal activity noticeably increased. 

Atropine sulphate, in doses of 10-20 mg subcutaneously, produced partial or 
complete inhibition of motility in all parts of the stomach. The effect was often 
more pronounced in the abomasum than in the rumen and reticulum. On two 
occasions sheep were observed to ruminate when contractions of the reticulum 
were reduced or absent as a result of atropine injection. In the animal which 
ruminated in total absence of reticular activity the reticulum balloon recorded 


Atropine, 10 mg s.c. 


Fig. 4. The effect of atropine, 10 mg subcutaneously, on the reticulum (above) and abomasum. 
Rumination occurred before and after the injection; ee 


indicates a regurgitation. 


a slight and jerky pressure increase with each regurgitation: the movement was 
too sharp to be due to contraction of the reticulum itself and it appeared to 
indicate a transmitted diaphragmatic movement. In vagotomized sheep, 
atropine abolished the intrinsic activity of the reticulum and rumen. 
Adrenaline. The effect of the commercial solution of ‘Adrenaline B.P.’, 
1: 1000 was studied first. Intravenous injection of 1-2 ml. inhibited contrac- 
tions and tonus waves in all parts of the stomach. Subcutaneous injection of 
as much as 6 ml. was without effect. Later, fresh solutions of L-adrenaline and 
of L-arterenol bitartrate monohydrate (L-noradrenaline) were employed. Each . 
caused inhibition on intravenous injection, but the dose of L-adrenaline required 
was lower than the estimated dose in the commercial solution, 0-5-1 mg sufficing 
to stop contractions of the rumen and reticulum for several minutes and to 
decrease the amplitude of contractions for about 1 hr. Injection of L-adren- 
aline often produced coughing, rarely seen with arterenol. Previous administra- 
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tion of atropine, 10-15 mg, abolished normal activity and no effect was then 
seen on injection of adrenaline. 

In vagotomized sheep a striking reversal of the adrenaline effect was observed. 
In two such sheep, in which the normal rhythm of the reticulum was absent, 


Fig. 5. The effect of t-adrenaline, 0-5 mg intravenously, on the reticulum. 


Fig. 6. The effect of L-arterenol, 1-5 mg intravenously, on the reticulum of a sheep in which norma | 
reticulum motility was abolished by vagotomy. The movement (m) was caused by the animal 
struggling before the injection; the basal excursions are respiratory. 

intravenous injection of 0-3-1-5 mg L-adrenaline or of 1 mg L-arterenol always 

resulted in a single slow contraction of all parts of the stomach and especially 

of the reticulum. When intrinsic activity of the reticulum and rumen was 
present this was inhibited for a time after the single contraction had occurred. 

One of these animals had also had the splanchnics cut. When intrinsic activity 

was abolished by atropine the adrenaline contraction persisted. A similar con- 

traction was obtained in response to adrenaline injection from the reticulum 
of three sheep anaesthetized with sodium pentothal, in which normal gastric 
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motility was abolished by the anaesthetic; the effect was unchanged in one 
animal by subsequent cervical vagotomy. In two of these sheep adrenaline 
was injected locally into the reticulum muscle, where it failed to cause con- 
tracture such as that produced by acetylcholine. 

Histamine acid phosphate was injected intravenously in doses of 0- 1-0-5 mg. 
The effect was invariably one of inhibition of all gastric movements, without 


t 


Histamine, 
0-5 mg i.v. 


Fig. 7. The effect of histamine acid phosphate, 0-5 mg intravenously, on the reticulum (above) and 
abomasum. Note the increased frequency and amplitude of respiratory movements after the 
injection. 

tonus increase. Inhibition was slight and transient with the smallest dose, but 

marked, although still brief, with larger doses. Unlike adrenaline, histamine 

caused no contraction of the reticulum or rumen in the vagotomized sheep. 


Experiments with isolated surviving gastric musculature 
The results of these experiments have not been satisfactory, but some sup- 


port is given to the results of the work in vivo. The chief difficulty was in 
obtaining satisfactory preparations. Not all strips of muscle were spontaneously 


active, and it was observed that active strips usually gave good responses to 


added substances. The response with inactive or sluggishly active strips was 
reduced or absent; for this reason. only results obtained from active strips, 
eighty in all, have been considered. The behaviour of strips depended to some 
extent on the site from which they were taken; the longitudinal or outer 

31 PHYSIO. CXXV 


» ‘ 
7 
4 
4 
d 
‘ 
4 
4 
4 
* 
A 


482 DOROTHY L. DUNCAN 


muscle layer tended to be the more active. Strips from the abomasum readily 
commenced spontaneous activity and the longitudinal strips contracted 15-17 
times a minute for several hours. Strips from the omasum and rumen were 
more erratic, but more than half of them showed spontaneous activity. This 
activity was often intermittent, bursts of activity alternating with quiescent 
periods. Little success was obtained with strips from the reticulum; in over 
twenty attempts only one active strip was obtained. Usually the strips con- 
tracted as soon as they were set up in the bath and never relaxed again. They 
were completely unresponsive to all the substances used in these experiments. 
The single exception was a strip showing spontaneous rhythm which com- 
menced after the addition of histamine, 10 »g/ml., and continued for about 
3 hr. 


- Adrenaline, Ergotoxine, Adrenaline, Drum off 
0-2yg/mi. S0ug/mil. O2pg/mi. 1 min 


Fig. 8. Effect of adrenaline, 0-2 ug/ml., on abomasal strip in vitro, Ergotoxine, 50 ug/ml., 
abolished the stimulatory phase and prolonged the inhibitory phase. 


Acetylcholine, 0-02-6-0 yg/ml., produced contraction of strips from all the 
chambers of the stomach, including the single active strip from the reticulum. 
Inhibition was never observed. 3 

Carbachol, 0-01 zg/ml., produced strong contraction in strips of rumen, 
omasum and abomasum. 

Eserine, 1 wg/ml., was used unsuccessfully in attempts to obtain active 
reticulum strips. 

L-Adrenaline, 0-01-0-4 »g/ml., was somewhat variable in effect and the dose 
needed to produce a given reaction varied from one strip to another. However, 
the most characteristic effect, obtained from abomasum, rumen and omasum, 
was brief inhibition of spontaneous activity accompanied by a slight drop in 
tone and immediately succeeded by a partial or completely tetanic contraction 
lasting for some minutes. When such a response was obtained it was possible 
by decreasing the dose to reach a level at which brief inhibition was the only 
effect; on the other hand, increasing the dose gradually eliminated the initial 
inhibition so that large doses produced only strong tetanic contraction. Ergo- 
toxin, 1 »g/ml., abolished the stimulatory effect of adrenaline, but not the 
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inhibitory effect. The single active reticulum strip in response to L-adrenaline, 
0-1 »g/ml., gave a strong contraction followed by relaxation, quite unlike the 
tetanic contractions of the other strips. 

Histamine, up to 60 ug/ml., gave inconclusive results, but never the strong 
contraction which it commonly produces in other types of gastro-intestinal 
musculature. 


Histamine, Wash 


Fig. 9. Effect of histamine acid phosphate, 0-4 »g/ml., on abomasal strip in vitro. 


DISCUSSION 
While the experiments described above are to a certain extent repetitive of 


earlier work, the results appear to clarify the somewhat confused picture 
obtained from conflicting reports of the effects of ‘ parasympathetic stimulants’ 


on the ruminant stomach. The inhibitory effect of injected acetylcholine upon — 


all parts of the stomach, previously described for the sheep rumen by Quin & 
van der Wath (1938) and for the bovine rumen by Dougherty (1942), led 
Brunaud & Dussardier (1951) to conclude that acetylcholine is not the chemical 
mediator of the bovine vagus at the level of the stomach. This theory, however, 
would appear to be founded almost entirely upon negative evidence, since the 
action of acetylcholine in vitro or when injected directly into the muscle in vivo, 
and the effects of carbachol, eserine and atropine in vivo are all such as would 
be expected if acetylcholine or a very closely related substance were the vagal 
mediator. The close resemblance between the gastric effects of intravenous 
injections of acetylcholine and adrenaline and the observation that the effect 
of the former may persist for an hour, although acetylcholine is known to be 
destroyed in the body with great rapidity, suggested that the inhibitory effect 
was produced or enhanced by liberated adrenaline rather than by a direct 
effect of acetylcholine on the stomach. 

The effect of acetylcholine in the adrenalectomized sheep supports the idea 
that acetylcholine is not in itself inhibitory to the stomach. 
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The stimulatory effects noted (Quin & Clark, 1946) when 100 mg acety]- 
choline was injected into a sheep intramuscularly were never observed by the 
writer. 
| Eserine, carbachol and related compounds have been administered to cattle 
or sheep by Wester (1926), Amadon (1930), Quin & van der Wath (1938), 
Dougherty (1942), Quin & Clark (1946), Brunaud et al. (1950), Brunaud & 
Dussardier (1951) and Brunaud & Navarro (19534). A study of the apparently 
conflicting results shows that they arise from differences in the dosage levels 
and in the methods of recording gastric motility. The smaller doses of these 
substances increase ruminal tonus and activity, but larger doses produce 
. tetanic contraction which amounts to depression of propulsive activity. Since 
the most detailed studies, those of the South African group and of Dougherty, 
were made by recording pressure changes in the rumen, the difference in 
sensitivity between rumen and reticulum has not until now been fully reported 
(Duncan, 1951). The mechanism by which carbachol and eserine depress activity 
in the reticulum differs from that involved in the depression following acety!- 
choline injection, and it may be that the result of eserine injection gives a truer 
* picture of the effect of increasing acetylcholine concentration in the reticulum 
F musculature. The initial increase in amplitude of contractions suggests an 
increased sensitivity to vagal impulses which would be expected if acetylcholine 
were the vagal mediator. The sharp transition from strong contractions to 
paralysis, not accompanied by increase in tone, suggests a sharply defined 
threshold between stimulatory and inhibitory concentrations, but no such 
threshold“was detected in studies im vitro and the inhibition may be a central 
effect rather than a property of the muscle. The difference in response between 
rumen and reticulum has been observed also by Brunaud & Dussardier (1953) 
and Brunaud & Navarro (1953a). The latter authors administered eserine, 
0-01-0-1 mg/kg body weight intravenously to anaesthetized sheep, and the 
effects on the rumen and reticulum appear to have been similar to those 
obtained in the present experiments with 0-3-0-5 mg/kg intramuscularly, 
though of shorter duration. They did not, however, obtain inhibition of the 
reticulum. They consider the anarchie motrice of the rumen to be a central 
effect. The present author considers, on the other hand, that the difference 
between rumen and reticulum is more readily understood in relation to the 
different degrees of specialization found in the musculature and discussed in an 
earlier paper (Duncan, 1953). The reticulum contracts almost exclusively in 
response to volleys of vagal impulses and this explains the difficulty, also 
mentioned by Brunaud & Dussardier, in obtaining active preparations in vitro, 
and the limited effect of choline esters in increasing its activity. The rumen, on 
the other hand, has a considerable capacity for independent contractions as 
well as carrying out co-ordinated contractions in response to vagal impulses; 
this is manifested in the normal rhythm, which shows extra contractions in 
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intervals of the cyclical rhythm, and also in the capacity of ruminal strips for 
independent activity. Since the reticulum rhythm shows that central dis- 
charges are not made more frequent by carbachol and eserine, it appears that 
the increased and often irregular activity of the rumen is due in the main to 
stimulation of the intrinsic activity, bringing about the increased tonus and 
partial tetanus. 

These observations appear to have some clinical application. Clark (1950b) 
stated that ‘as the whole gastrointestinal tract is activated by the para- 
sympathetic system, these drugs [i.e. parasympathetic stimulants] are powerful 
ruminatorics...’. In the light of the effects observed upon the reticulum their 
clinical value appears somewhat doubtful. The reticulum probably plays 
a greater role than the rumen in the propulsion of digesta through the reticulo- 
omasal orifice (Balch, Kelly & Heim, 1951), and unless doses of drugs can be 
estimated with sufficient accuracy to ensure stimulation of both reticulum and 
rumen little advantage is likely to accrue from their use. Increased activity of 
the reticulum does not lead to rumination, and in fact the ability of atro- 
pinized animals to ruminate bears out Stigler’s (1931, 1949) views on the 
mechanism of rumination. It suggests that the extra reticulum contraction, 
which normally precedes regurgitation but is eliminated by the action of atro- 
pine, is of less importance in rumination than the oesophageal and thoracic 
striped muscles, which are not affected by atropine. Wester (1926) also observed 
in cattle that ‘wenn sich nach der Atropininjektion die Haube nicht mehr 
zusammenziehen kann, ist dennoch Wiederkauen méglich’. 

Quin & van der Wath (1938) and Phillipson (1942) reported that adrenaline 
had little or no effect upon the stomach of the sheep. In both instances the 
drug was given intramuscularly; the present work shows that it is necessary 
to inject adrenaline intravenously to obtain its full effect. After the publica- 
tion of work by Comline & Titchen (1951) describing contractions induced by 
adrenaline in the reticulum of the decerebrate or anaesthetized goat, it was 
confirmed that such contractions were obtained in the unanaesthetized, vago- 
tomized sheep and were thus not due to a central effect of adrenaline. The two 
opposite effects of adrenaline appear to be due to two separate mechanisms, 
and both can occur as a response to a single injection, as in the sheep showing 
intrinsic gastric motility after vagotomy. The two effects also occur in vitro, 
but the order is reversed. The single instance of rapid contraction observed on 
the application of adrenaline to a reticulum strip in vitro is of course inconclu- 
sive, but it suggests yet again that the reticulum musculature differs funda- 
mentally from the rest of the stomach. 

The inhibitory effect of histamine upon ruminal activity was reported by 
Dougherty (1942) and investigated more fully by Clark (1950a). Histamine 
appears to have little effect upon the ruminal musculature in vitro, and the 
inhibition following intravenous injection might be a systemic effect. Neither 
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histamine nor acetylcholine reproduced the effect of adrenaline in the 
denervated reticulum. 
SUMMARY 


1. The motility of the rumen, reticulum and abomasum has been studied 
in normal and vagotomized sheep after the administration of a variety of 
drugs. Strips of muscle from various parts of the stomach have been used to 
study the effects of the same drugs in vitro. 

2. The anomalous effects of parasympathetic stimulants have been further 
studied. The inhibitory effect produced by injection of acetylcholine is found to 
be due to liberation of adrenaline. Although acetylcholine when injected does 
not stimulate gastric motility, there seems no strong evidence that it is not the 
chemical mediator of the vagus in ruminants. 

3. Additional evidence is presented to emphasize the highly specialized 
nature of the musculature, particularly that of the reticulum. 


Author’s note. Since this paper was prepared two papers have appeared, by 
Dussardier & Navarro (1953) and Brunaud & Navarro (19535), which include 
a more complete study of the effects of adrenaline, acetylcholine and neostig- 
mine on the ruminant stomach in vitro. Their results agree on the whole with 
those in the present paper. 


I wish to thank Dr F. Alexander and Dr A. T. Phillipson for much helpful discussion during the 
course of this work. Mr J. V. R. Evans kindly performed the bilateral adrenalectomy on one ewe. 
I am indebted to Dr Kosterlitz for the provision of t-arterenol bitartrate. The sheep were ably 
cared for and technical assistance was given by Messrs W. Brown and W. Wilson. 
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BEHAVIOUR OF CATS AFTER INTRAVENTRICULAR 
INJECTIONS OF ESERINE AND DFP 
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In a previous paper we have described the effects of a number of drugs injected 
into the unanaesthetized cat through a cannula permanently implanted into 
the lateral cerebral ventricle (Feldberg & Sherwood, 1954). The present paper 
records the effects of the anticholinesterases eserine and ditsopropylfluorc- 
phosphonate (DFP) administered by the same route. A few experiments were 
also made with large doses of acetylcholine. 


METHODS 


The method of implantation of a permanent cannula into the lateral ventricle of the cat and of 
injections of drugs through this cannula was the same as described in detail previously (Feldberg & 
Sherwood, 1953, 1954). In all cats the right lateral ventricle was cannulated. 

Eserine sulphate and acetylcholine dichloride were dissolved freshly for each experiment in 
Tyrode solution. All values refer to the salts. The dilutions of DFP in Tyrode solution were made 
freshly for each experiment either from a 1% stock solution of DFP in propylene glycol or from 
liquid DFP. The volume of injection was always 0-25—0-30 ml. 


RESULTS 

Eserine 

By the prominence of the signs we can distinguish three stages in the effects 
of eserine; these overlap to some extent. 

The first stage is characterized by vigorous scratching, licking and washing. 
To these are added, a transient dilatation of the ear vessels, congestion of the 
tongue, peculiar mouth movements, and sometimes salivation and lachrymation. 
Within a few minutes of the injection the cat starts licking its lips and from 
time to time opens its mouth widely, revealing a congested tongue. The 
opening of the mouth is abrupt, its closure gentle. Visible salivation and 
lachrymation are seen in a few instances. Next, there is intense and frequent 
scratching of the head and face and the cat keeps wiping its front legs over its 
face and licks both front and hind legs with great vigour, sometimes carefully 
licking or nibbling between the fanned toes. Such scratching bouts often begin 
* With a personal grant from the Medical Research Council. 
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with the characteristic mouth movements, forceful shaking of the head and 
twitching of the ears. The appearance is that of intense itching or irritation, 
especially in the face, on the head, and forelegs. At the peak of this stage this 
activity may continue uninterrupted for many minutes, but later on, 
scratching and wiping bouts occur at lengthening intervals. There is an early 
transient phase when the ears are warm, due to intense dilatation of the 
vessels. Throughout the first stage the cat is usually active, moving about 
swiftly. With small doses (10g), these effects are sometimes the sole changes 
noted. 

The second stage which is pronounced only after larger doses (20-100 ng) 
is characterized by changes in stance, gait and posture. The movements 
become more sudden and abrupt, stiff and clumsy. In some cats the tone of 
the flexor muscles of all four legs is increased, and when the cat is induced to 
walk it does so in a low crouching attitude and tries to lie down after a few 
clumsy steps. In others, the hind legs are maintained in flexion, the front legs 
in extension, and even when the cat is induced to walk it tries to move without 
raising its hind quarters, progressing like a dog wiping its bottom on the grass. 
At rest there are quivering movements of the ears, head and shoulders and 
tremor of the leg muscles. The tendon reflexes are exaggerated. With these 
changes in the motor system, there are signs of laboured, sometimes quickened 
respiration. There is either an expiratory growl or gasps and wheezes, or both 
expiration and inspiration are accompanied by wheezes suggesting glottal or 
bronchial obstruction. During this stage the cat has the tendency to lie or sit 
down but will respond to most noises with quick, abrupt, small movements. 
The scratching and wiping bouts become less frequent. On a few occasions 
the animal passed faeces and urine and vomited. The motor and respiratory 
effects wear off after 30-40 min. | 

The third stage comprises the development of stupor with signs of catatonia. 
Although this change of awareness develops fully only after the other two 
stages and then persists for several hours, its beginning can be noted earlier. 
At a time when the cat still frequently scratches and licks itself, there are 
brief periods when its awareness seems interrupted. From time to time the 
cat turns its head momentarily to one side and slightly up, stopping abruptly, 
remaining fixed in this position and staring apparently unaware of its sur- 
roundings. This condition seems to correspond to momentary ‘absences’ in 
man. They last at first only a second or two, but later on increase to several 
seconds before movements are resumed and awareness of its surroundings 
seems re-established. Later still the cat, if left undisturbed, sits hunched 
up without movement; its eyes are half shut or shut and its head is slightly 
inclined forward. The cat responds to noises by moving its ears and some- 
times also by opening its eyes. It will then follow hand movements with its 
eyes and head but without any other movement of the body. Sometimes 
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the cat may curl up with closed eyes, giving the appearance of being asleep. 
If the cat is induced to walk, its movements are slow and after a few steps it 
sits down slowly and in stages. When picked up and dropped into its cage, the 
cat retains the attitude in which it landed for a minute or two and then 
gradually sinks down into a lying position. 

The cat can be passively brought into unnatural postures without much 
struggling. If a front leg is twisted behind its back so as to rest across the 
spine, the leg can be kept in this position for up to 90 sec with minimal 
restraint; light touch with one finger against the paw suffices. During this 
period the cat may once or twice make a short-lasting, feeble, and desultory 
attempt to restore its leg to a normal position. When the finger is removed the 
leg may remain in its abnormal position for 10-15 sec. Whilst the leg is kept 
in the abnormal position in a standing cat, it remains standing on three legs 
without movement, staring ahead without expression and betraying no affect. 
The cat can be turned on its back without much struggling and remains in 
this position when one extended foreleg is lightly held down. It may display 
resentment by a plaintive growling or miaowing and whipping of its tail, but 
all other defence movements are abortive or absent, or alternatively it may 
give the appearance of being indifferent to this procedure. The cat may look 
at the observer for several seconds with open eyes, but they close gradually if 
the cat is kept in this position. Respiration is slow. When the cat is handled 
in this way the legs are neither flaccid nor spastic. The resistance to passive 
movements is uniform and does not increase with the degree of excursion of 
the limb. There is no feel of elasticity and no tendency of the limb to return 
from any excursion to the previous position. The feel of the limb is like that of 
‘waxy flexibility’ in man. The cat is not weak, for it can be induced to walk 
and even jump, but then withdraws into a corner, where it remains in a sitting 
or lying position and closes or half closes its eyes. 


DFP 


In the earlier experiments the DFP was made up as is customary from a 1% 
stock solution in propylene glycol. It was found that propylene glycol in the 
amounts present in the injection volume had certain effects of its own which 
modified the action of DFP. Therefore, in later experiments the dilutions were 
made from the pure liquid DFP. We shall describe first the effects of these 
injections, then those of propylene glycol and finally those of DFP diluted from 
the 1% stock solution in propylene glycol. 

DFP diluted from liquid DFP. The doses injected were usually 100g and 
the effects were basically the same as with eserine, but signs of catatonia were 
more pronounced. 

There was again the initial stage of severe itching. One cat at the height of 
this effect wiped and scratched its ears and face with both forelegs simul- 
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taneously and so forcefully that it stumbled and fell but did not stop scratching; 
nor did it stop after falling over the edge of a shelf. In fact it was not possible 
to interfere with the scratching bouts which had a paroxysmal character. 

As with eserine the initial stage of itching was followed, with some overlap, 
by increased reflex excitability and tone of the leg muscles and tremor and 
quivering of the ears and head. Usually the cats were lying down during this 
stage without relaxation of the muscles. When induced to walk the gait was 
spastic; sometimes the cats moved in a low crouching position but only for a 
few steps and then lay down again. On a few occasions the cats passed faeces 
and urine. The cats were agitated or frightened and were easily startled by 
noise or touch. Respiration was often laboured. 

During the third stage which developed within the first 15-30 min and 
deepened during the following hours spontaneous general activity was reduced, 
the cat no longer moved about but usually stood, sat or lay where it was put. 
Sometimes it looked about or gazed up to the ceiling, and pricked its ears as 
if it were responding to a stimulus which could not be perceived by the 
observer. A few ‘absences’ were noted early. They lasted at first for a second 
or two but later increased in duration and frequency. The cat, when patted, or 
during any activity of its own, would suddenly turn its head up a little and to 
one side with an expressionless gaze and remain motionless apart from some 
quivering of the pricked ears. During these ‘absences’ the cat’s attention 
could not be obtained. The following tests were applied in this condition: 
(1) With the cat sitting or standing, a front paw could be abducted or extended 
and kept in an abnormal position without the cat making any effort to resist. 
When the limb was released, the cat did not return the limb to a more natural 
position for many seconds, or even minutes. (2) With the cat sitting or 
standing, a foreleg could be brought behind the cat’s back without muscular 
resistance, so that it rested across its spine and could be kept there with 
barely a touch of the observer’s finger apparently indefinitely. When this 
minimal restraint was removed the limb remained in this distorted position 
for 1 or 2: min. (3) When the cat was placed with its forepaws on the rungs of 
an inverted stool some 18 in. from the ground, the cat remained in this vertical 
position. The cat kept its head erect and stared ahead with wide open eyes. 
There was no indication of any sagging of the head or body, but the cat 
retained its vertical attitude stiffly for several minutes. During this time it 
lashed its tail and moved its ears and facial muscles. When pushed the cat 
could jump safely, and if sufficiently aroused by persistent stimulation, run 
back into the cage without signs of motor deficiency. The cat could also be 
suspended from a somewhat lower rung by its hind legs, across the groin, with 
its front legs resting on the ground, and maintain this position. In this state 
the cat resembled Bailey’s ‘catatonic’ cats with mid-brain lesions. 

With somewhat larger doses the latency between injection and the onset of 
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signs of itching was reduced to about 1 min, Further, the animals became 
agitated and appeared frightened: when approached they started, tended to 
cringe in a corner of the cage, and when touched snarled, hissed and hit out. 
This change in behaviour occurred within a few minutes of the injection. 
A further, later, sign of the larger doses was the appearance of seizure activity. 
For instance, in one cat, 30 min after the injection of 160ug DFP, whisker 
movements previously noted became pronounced and changed into grimacing, 
especially affecting the labial and nasal muscles. Presently these movements 
became spasmodic, included the ears, and culminated in alternate twitching 
of the two sides of the face. The cat, which hitherto had been sitting, rose and 
began to circle anti-clockwise at increasing speed with jerky movements and 
saliva poured from its mouth. The appearance was that of the onset of a 
seizure. However, the cat stopped circling after about half a minute, and 
during the subsequent minutes seemed to react more promptly than before, 
and not angrily, when approached or touched. After a further 25 min, a full, 
symmetrical, tonic-clonic seizure developed, starting again with grimacing, 
circling, salivation, and fine tremor of the thigh muscles. After the seizure the 
cat looked about, apparently disorientated. Isolated, myoclonic contractions 
continued and at times increased; the danger of a further seizure was avoided 
by intraperitoneal injection of 1-5 ml, sodium pentobarbitone. Within a few 
minutes all seizure activities ceased and anaesthesia supervened. 

Propylene glycol. The intraventricular injection of 0-25-0-3 ml. of a 4% 
solution of propylene glycol in Tyrode caused no detectable immediate changes 
in the behaviour of the cat. There were no signs of itching, motor phenomena 
or changes in awareness. However, after about 70-90 min the cat became less 
lively, the movements became very slow and the animal had a tendency to sit 
hunched up or to lie in the cage with eyes half shut or shut. In the course of 
the following hour the cat might become apathetic and sluggish and its 
expression was one of extreme malaise. When, in this condition, an attempt 
was made to bring a foreleg of the sitting cat behind its back, so that it rested 
across its spine, there was muscular resistance which had to be overcome, but 
afterwards the foreleg could be kept in this abnormal position for 40—50 sec 
if the cat was not roused, which occurred easily in response to any kind of noise 
in the room, or to touch. Similarly, when a foreleg was abducted in the sitting 
cat there was increasing resistance with the degree of excursion, but again, once 
the resistance was overcome, the cat, while undisturbed, retained the leg in 
the abducted position. In this condition it was also possible to place the fore- 
paws of the cat on the upper rung of an inverted stool some 18 in. from the 
ground, and for the cat to remain in this ‘standing upright’ position for several 
minutes. There was, however, this difference from the cat when subjected to 
this test after DFP. The head slumped on to the rung and remained supported 
by it the whole time, the body sagged and the eyes were half or completely 
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shut, giving the-appearance of a very sleepy or drowsy cat. When the cat was 
disturbed it at once descended with very slow but fully co-ordinated move- 
ments. The condition wore off about 24-3 hr after the injection. It was noted 
that most cats were eating and drinking frequently before and during the 
development of this condition. 

DFP in propylene glycol. The effect differed from that of pure DFP in that 
the scratching and wiping during the initial stage of itching appeared some- 
what reduced, that the motor phenomena of the second stage were decidedly 
reduced and that the third stage was a mixture of the effects seen with each 
drug alone; the features of ‘catatonic stupor’ were accentuated and modified 
by languor. 

The doses of DFP injected were usually 100 ug either divided into two doses 
given at about 20 min intervals or in a single dose. It is interesting to note 
that although propylene glycol by itself changes the behaviour of the cat only 
after 70-90 min, it was apparently able to modify the effects of DFP at a much 
earlier stage. The impression was gained that with the combined drugs the 
first two stages were reduced and cut short by the early onset of stupor. 

During the condition of ‘catatonic stupor’ the three tests applied after the 
pure DFP injections showed that the cat could be kept in abnormal postures 
for even longer periods, for instance 10 min or longer, than after pure DFP 
alone. In addition, the appearance of the cat during these states was a mixture 
of that seen after DFP and propylene glycol given separately. For instance, 
when the cat was suspended with its front paws on the upper rung of the 
inverted stool it remained in this position with its head drooping, the eyes half 
shut and the body sagging a little, whereas after DFP alone the cat in this 
position kept its head erect and stared with eyes wide open. During this 
condition of deep stupor and languor the cat could also be placed with its hind 
and front paws at equal heights on two parallel rungs of an inverted stool or 
similarly on two stools placed about 2 ft. apart and it remained in this position 
until taken down after 10 min. With propylene glycol alone this test was 
negative, Whilst the cat was suspended in these tests it would lash its tail or 
move its ears and facial muscles but was otherwise immobile. When pushed off, 
however, it jumped safely and ran away at its usual speed, whereas after 
propylene glycol alone all movements were grossly retarded and the cat 
could not be made to run. 

A larger dose of DFP (200g) in propylene glycol produced, like this dose 
of DFP alone, general convulsions. 


Large doses of acetylcholine 
In a previous paper the effects of intraventricular injections of 0-1-20ug 


acetylcholine were described. Some of the effects seen resemble those observed 
with the anticholinesterases, particularly the long-lasting stupor. The 
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appearance of itching, so characteristic of the initial stages of anticholinesterase 
action, was not noted, but from the protocols of these previous experiments it 
was found that scratching or washing was observed irregularly in several cats 
after the injection. Since this was not a regular sign, it has not been regarded 
as an acetylcholine effect. However, in view of the present findings with anti- 
cholinesterases and of the fact, at that time unknown to us, that intracisternal 
injections of acetylcholine lead to frequent scratching in cats (Koenigstein, 
1951), it seems reasonable to assume that it was an effect of the injection. In 
order to see whether the comparison between anticholinesterase and acety]l- 
choline effects on intraventricular injection could be advanced further, and 
whether the convulsions seen after intracisternal acetylcholine injections into 
cats by Brenner & Merritt (1942) (dose not given) could be produced by in- 
jections into the lateral ventricle, two cats were given doses of 1 mg acety]l- 
choline by this route. 

In both cats general convulsions were produced after a latency of 2~3 min. 
These convulsions started with repeated small, quick jerks of the head and 
twitching of the ears and whiskers. Then the contralateral forepaw showed 
myoclonic contractions which spread to the hind leg of the same side until the 
cat fell in a torsion seizure, curving and twisting to the left. Then the con- 
vulsion became general and symmetrical, involving also the jaw, ears and 
facial muscles. The pupils were widely dilated. The seizure lasted 2 min each 
time, and in one cat a second seizure ensued upon handling the cat about 
8 min after the injection. It was symmetrical and lasted also for about 2 min. 
Isolated spells of myoclonic jerks persisted for several minutes after the end 
of the seizure. During the interval between the injection and the onset of 
seizure, the following changes in the behaviour of the cats took place. 

Immediately after the injection, the cats appeared to be frightened, cringed 
and growled when approached or patted. One cat ran into a corner in a 
crouching position, whereas the other remained fixed in the same place. The 
condition lasted until the fits occurred. 

After the fits there was a period of deep stupor. In one of the two cats, 
which is normally docile and quiet, the following features of ‘catatonic stupor’ 
described for the DFP cat were demonstrated. (a) When the cat was left 
undisturbed it showed only a few slow, spontaneous movements which were 
often stopped in an evidently uneasy posture. (6) While the cat was sitting a 
forepaw could be placed in an exaggerated extension on the floor and remained 
in this position when the hand was removed. (c) A foreleg could be twisted 
onto the cat’s back without the use of constraint and be kept in this distorted 
position with barely a touch of the observer’s finger for over a minute. (d) The 
cat could be brought into the ‘upright standing’ position by placing its front 
legs on the upper rung of an inverted stool. It remained in this posture for 
90 sec or longer, after which time it merely lowered its front paws to the lower 
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rung, where it again remained for about half a minute. Similarly, its hind 
quarters could be suspended from the groin on the lower rung of an inverted 
stool and the cat remained for some time in this abnormal attitude. In any of 
these situations, when approached or blown at, it maintained its posture 
unaltered, but lashed its tail. An hour after the injection these features of 
catatonia were no longer present. 

The other cat, which was normally aggressive and easily angered, showed 
these qualities, after the state of stupor, and possibly confusion, following the 
fit, in an exaggerated way, hissing, putting its ears back and hitting out when 
a hand was brought near it. Otherwise it sat in its cage, completely inactive. 


DISCUSSION 


Itching. The finding that eserine and DFP injected seeenaatiieaiiadlie in 
relatively small doses regularly produce signs of itching or irritation which 
compel the cat to scratch itself, to wipe its face, lick and gnaw its paws, to 
shake its head and twitch its ears is of relevance to the phenomenon of itching 
in general. Naturally, it is not possible to state what compels the cat to act in 
a way in which man does when experiencing severe itching, and to state that 
the cat actually experiences this sensation. Nevertheless, we shall, in our 
inability ever to obtain this information in any way other than by analogy and 
inference, use the term ‘itching’. 

This itching cannot be explained in any other way than by a central action 
of the anticholinesterases; we therefore have to distinguish between two 
possibilities in the causation of itching: itching originating in the skin and 
itching of central origin. The adequate physiological stimulus for itching 
originating in the skin may well be release of histamine in the superficial layers 
of the epidermis, as suggested by Schachter (1952) and Broadbent (1953). 

Signs of itching produced in animals by drug action on the central nervous 
system are not caused only by the anticholinesterases but have been described 
for a number of drugs injected intracisternally. The best known instance is 
morphine and its derivatives (Mehes, 1938), but according to Koenigstein 
(1948, 1951) the effect is produced by a variety of substances when administered 
intracisternally, amongst which eserine and potassium were outstanding; 
acetylcholine was also found by Koenigstein to be active in this way. Further, 
Kelen & McKachern (1949) observed that sodium fluoroacetate, on intra- 
cisternal injection, produced long-lasting ‘scratching seizures’ in cats. 
Koenigstein (1939) tried to localize the region from which morphine elicits a 
scratch response in cats, and concluded, by means of transection experiments, 
that the main site is the distal part of the floor of the fourth ventricle. In his 
experiments, the scratch response was used as the sole criterion of itching; the 
full syndrome we observed in our animals may well include an action of the 
anticholinesterases on the lining of the third ventricle also. 
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A sensation of itching produced by the central action of the anticholin- 
esterases could be brought about with or without the participation of the skin. 
Stimuli from the skin which normally do not produce such a sensation may do 
so when the periventricular grey matter is under the influence of a drug. This 
possibility was considered by Winiwarter (1939) in the case of morphine. He 
found that touching the skin after an intracisternal injection elicited bouts of 
scratching; on the other hand, acute deafferentation of the skin did not prevent 
spontaneous bouts of scratching. From these results he concluded that the 
skin is not essential for the itching produced by the morphine injection. So far 
no deafferentation experiments have been performed to analyse the mechanism 
of itching produced by the anticholinesterases, therefore no definite conclusion 
can be reached as to whether the effect is independent of afferent impulses 
in skin nerves or confined to central mechanisms. 

There are other less plausible ways in which the anticholinesterases could 
produce the sensation of itching by their central action. They could initiate 
efferent impulses to the skin via the sympathetic or the sensory fibres, 
stimulated antidromically, and by the effect of these impulses produce changes 
in the skin which then, in their turn, could evoke the sensation of itching. 
Or else the anticholinesterases, by their action on the ventricular lining, might 
produce changes in other parts of the body, either through hormone action or 
through nervous activity, and the sensation of itching might result from these 
alterations. 

It will not always be easy to assess whether the itching produced on 
systemic administration of a drug is a central or a peripheral effect, for a drug 
may produce itching when applied to the ventricular system and be a peri- 
pheral histamine liberator as well. Morphine, for instance, is a known hista- 
mine liberator and by this action produces itching in the skin, but it also 
causes the signs of itching on cisternal injection in doses which would not 
allow sufficient amounts to reach the general circulation for producing the 
effect in the skin. Therefore, the well-known pruritus in man after the admini- 
stration of morphine may, in some cases, be of peripheral origin, in others of 
central, and again in others be a combination of both mechanisms. Similar 
considerations apply to the well-known pruritus seen in obstructive and 
hepatic jaundice. Schachter (1952) showed that bile salts release histamine 
from perfused skin preparations, and suggested that histamine liberation 
produces or contributes to the symptoms of pruritus in jaundice. It may well 
be that bile salts, like morphine, have a central pruritic effect as well, as other 
metabolites may have, such as in the case of diabetes or uraemia. 

There are a number of clinical observations of itching which are unlikely 
to be due to primary skin conditions, and where the itching may originate from 
the same site in the central nervous system as is affected by the anticholin- 
esterases in our experiments. This applies to the itching of the nose in raised 
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intracranial pressure and to the itching of lichen planus, since it is so dramatic- 
ally relieved by lumbar puncture and removal of a few ml. of cerebrospinal 
fluid (Ravaut, 1927; Whitfield, 1928). 

Since itching is a characteristic sign of such different anticholinesterases as 
eserine and DFP, and has also been in part evoked by central application of 
acetylcholine, the probability is great that they both produce this-effect by 
virtue of their cholinesterase inhibiting properties, and thus through accumula- 
tion of acetylcholine in the regions of the brain bordering the ventricular 
system. From this it would follow that the cells affected by the accumulated 
acetylcholine are impinged upon by cholinergic neurones. 

Motor phenomena. Apart from the motor effects associated with the 
sensation of itching or irritation, eserine as well as DFP caused changes in 
stance, gait, and posture and, in larger doses, DFP produced convulsions. 
Centrally induced motor phenomena have been described frequently for both 
anticholinesterases when injected arterially, intrathecally or intracisternally, 
or when applied locally to different parts of the central nervous system. With- 
out further topographic electrical analysis it cannot be stated with certainty 
from which points in the brain the anticholinesterases, when given intra- 
ventricularly, produce the motor phenomena. They may well all originate from 
the diencephalon, because it is known, through the classical experiments of 
Hess, that electrical stimulation at various points in the neighbourhood of the 
third ventricle elicits a variety of complex patterned motor phenomena. This 
assumption is favoured by the finding that large doses of acetylcholine in the 
ventricles also lead to general convulsions, because it.is difficult to see how 
acetylcholine in the absence of an anticholinesterase could penetrate deeply 
into the surrounding tissue, rich in cholinesterase, without being hydrolysed. 
We must therefore accept the view that acetylcholine can produce motor 
phenomena from some region close to the ventricular surface. If this is true 
for acetylcholine, it is likely to apply also to eserine and DFP. The motor 
phenomena produced by these anticholinesterases are thus thought to result 
from inhibition of cholinesterase and accumulation of acetylcholine in the 
diencephalon near the ventricular surface. 

Stupor and ‘catatonia’ appear to be characteristic features of the presence 
of acetylcholine or anticholinesterases in the ventricular system. The condition 
is first recognized by a general reduction of activity and culminates in a state 
in which the animal fails to extricate itself for many minutes from situations 
which must be uncomfortable and certainly are unnatural. Whilst the condition 
of reduced motor activity progresses, a change in awareness appears to take 
place, First, whilst the cat still maintains at least a proportion of its previous 
activity, it interrupts these activities for one or two seconds, evidently un- 
aware, for the moment, of events in its surroundings. The condition resembles 
momentary ‘absences’ in man, which become gradually longer and more 
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frequent. At the height of stupor the cat is nevertheless capable of moving, 
running and jumping when stimulated sufficiently, without any signs of 
motor disability. The condition is that of ‘catatonia’ observed in cats after 
lesions of the mid-brain (Bailey, 1948) and imitates in many details the 
reactions of catatonic patients. For instance, the finding that during this 
condition a limb can be placed and kept in abnormal postures without restraint 
resembles the feature of ‘waxy flexibility’ characteristic of catatonic stupor in 
man. Similarly, the observations that the cat when dropped into its cage 
retains the attitude in which it landed, or betrays some reactions to stimuli by 
lashing its tail or pricking its.ears without, however, performing any other 
movements, recall behaviour patterns of catatonic patients. 

De Jong (1945) pointed out that in man catatonia is such a frequent occur- 
rence in schizophrenia that the two terms are often used, although wrongly, 
synonymously. This raises the question of whether there are other attributes 
characteristic of schizophrenia to be found in response to anticholinesterases. 
It is interesting to recall in this connexion the early observation of Harnack & 
Witkowsky (1876) on subcutaneous injection of eserine into an epileptic idiot: 
apart from convulsions which occurred, the idiot behaved as if he had halluci- 
nations. More recently Grob, Lilienthal, Harvey & Jones (1947) found that 
daily intramuscular administration of DFP led to insomnia, nightmares, 
mental confusion and hallucinations, These clinical observations have been 
confirmed by Rowntree, Nevin & Wilson (1950), In addition, they found that 
DFP produced in a number of schizophrenic patients ‘an “activation” of the 
psychosis or the reappearance in chronic cases of the florid symptoms which 
had characterized the onset of the illness’. Some of the behavioural changes of 
our cats may also be due to something in the nature of hallucinations. At 
times the animals showed by their head, ear and eye movements that they 
were alerted in response to stimuli, perhaps noises, which were not perceived 
by the observer. The unaccountable itching is perhaps also a tactile hallucina- 
tion, and again it is interesting to note that some schizophrenic patients 
‘continuously scratch their faces’ (Kraepelin, 1919). 

De Jong (1945) lists a number of drugs, of which bulbocapnine is the best 
known, which produce a condition of experimental catatonia in animals. We 
ourselves found that propylene glycol injected in small amounts intraventri- 
cularly produced as a late effect a condition in which the cat could be placed 
in abnormal postures and retained these for several minutes. The condition 
has a certain resemblance to the ‘catatonic’ stupor seen after DFP and eserine 
with which it can be confused. However, the condition is different. For 
instance the body sags when the animal is suspended in abnormal postures, 
the eyes remain shut or half shut, the cat is apathetic and sluggish, movements 
when present are extremely slow and the condition is best described as one of 
torpor and languor rather than of stupor. It is possible that some of the 
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conditions described by de Jong as experimental catatonia resemble that seen 
after propylene glycol. 

We do not know why the effect of propylene glycol occurs so late after the 
injection. The fact, however, that when given in relatively small doses pro- 
pylene glycol produces central effects on intraventricular injection, may serve 
as a warning to those observing central effects of DFP if the solutions used for 
injection are obtained, as is customary, from a stock solution made up in 
propylene glycol. 

The interest of the production by acetylcholine and the anticholinesterases of 
a condition of ‘catatonic stupor’ from the ventricular system lies in the fact 
that it indicates cholinergic neuronal activity or excess of acetylcholine, in 
the region of the periventricular grey matter, as the cause for this change in 
behaviour. It may well be that the hallucinatory phenomena seen in patients 
after DFP are also due to its cholinesterase-inhibiting effect in this diencephalic 
region. Similar considerations have led Sherwood (1952) to use cholinesterase 
in therapeutic trials on catatonic patients. He found that, given intra- 
ventricularly, preparations of true cholinesterase interrupted catatonic stupor 
in schizophrenic patients. 

SUMMARY 

1. Injections were made of eserine, diisopropylfluorophosphonate (DFP) 
and large doses of acetylcholine into the right lateral cerebral ventricle of the 
unanaesthetized cat through a cannula permanently implanted in the skull. 

2. Eserine and DFP: By the relative prominence of signs, three stages 
which overlap can be distinguished after 10-100ug eserine sulphate or 
100ug DFP. 

During the first stage the cat has the appearance of severe itching and 
irritation, as evidenced by intense scratching, vigorous wiping with a foreleg 
over the face and head, and washing of the forelegs, often preceded by bouts 
of shaking the head and twitching the ears. In addition, there are peculiar 
jaw movements. 

The second stage is characterized by changes in stance, gait, and posture. 
There is increased tone in the limb muscles, quivering movements of the ears, 
head and shoulders, and tremor of the leg muscles. In addition, there are signs 
of respiratory embarrassment. 

The third stage consists of an alteration of awareness, including the develop- 
ment of stupor with signs of ‘catatonia’. 

With larger doses of DFP (200,g) there is, in addition, an initial stage of 
agitation with signs of fear and anger, and seizure-like activity develops within 
the first hour after the injection. . 

3. Propylene glycol injected intraventricularly is not wholly ineffective but 
produces after a latency of 70-90 min, a condition of torpor and languor which 
bears a certain resemblance to the third stage seen after eserine and eg 
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4. Acetylcholine. Large doses (1 mg) produce one or two convulsions which 
last for about 2 min, followed by deep stupor sometimes reaching the full 
picture of ‘catatonia’ for a short time. 

5. In the discussion the view is advanced that the itching, the motor 
phenomena, and the ‘catatonic’ stupor produced by the anticholinesterases 
result from inhibition of cholinesterase and accumulation of acetylcholine in 
the region of the periventricular grey matter. The disorders produced in the 
cat in this way bear a close similarity to phenomena seen in schizophrenic 
patients. 
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THE BLOOD FLOW IN THE HUMAN FOREARM 
FOLLOWING VENOUS CONGESTION 


By G. C. PATTERSON anp J. T. SHEPHERD 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 20 March 1954) 


Bayliss in 1902 and Folkow in 1949 found that increasing or decreasing the 
internal pressure in blood vessels in the cat’s hindleg caused the tone of the 
vessel wall to increase or decrease respectively. As this response still occurred 
after complete denervation of the vessels Folkow concluded that it was a 
property of the vessel wall and was not neurogenic in origin. Hilton (1953) 
noted an absence of reactive hyperaemia following venous occlusion in the 
hindlimbs of the cat and attributed this to the fact that the intravascular 
pressure did not decrease during this procedure. The experiments to be de- 
scribed were devised to see if such an increase in tone could be obtained by 
increasing the pressure within the vessels of the human forearm, and if so, 
whether it was an inherent property of the vessel wall, or was mediated through 
nervous pathways. 


METHODS 


The subjects were healthy young men from 18 to 30 years of age, and the experiments were carried 
out at laboratory temperatures of 18~21° C. The blood flow through a segment of the forearm was 
measured by venous occlusion plethysmography as described by Barcroft & Swan (1953). The 
plethysmographs were filled with water at 35° C. All measurements were made with the subjects 
in the recumbent position and the forearm was raised 2—5 cm above the sternal angle to facilitate 
rapid emptying of the forearm veins. In each experiment preliminary observations were made of 
the apparent rate of arterial inflow when the collecting cuff was inflated to various pressures. The 
lowest pressure which interfered with arterial inflow was thus determined. A pressure 10-20 mm 
Hg lower than this, usually 80-110 mm Hg, was used during the remainder of the experiment both 
for the recording of the blood flow and for the production of venous congestion in the forearms. 

Base-line records of forearm flow were made over a period of 1-2 min. The wrist cuff was then 
released and the collecting cuff was inflated for 5 min to produce venous congestion. One min 
before the end of this 5 min period the cuff around the wrist was re-inflated (Kerslake, 1949). The 
collecting cuff was then deflated and the vessels allowed to empty. Recordings of blood flow were 
made, beginning 3-5 sec after release of the congesting cuff. The recordings were continued at 
intervals of 15-30 sec for 3—4 min or until the blood flow had returned to the level present before 


the venous congestion. 
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RESULTS 

Experiments on normal subjects. Fig. 1 shows a typical plethysmographic 
record; the venous congestion was produced by a cuff inflated to 110 mm Hg 
for 5 min. The resting flow (A) was steady. The blood flow immediately after 
deflation of the congesting cuff was greatly increased (B), then rapidly fell 
within about 15 sec to a level (C) well below the resting value, and finally 
gradually returned to the resting level {Z), which was reached in about 14 min. 


This return could often be seen to take place during a single record of flow as 
in (D). 


A B C D E 


1 mi,/100 mi. 


Fig. 1. A typical plethysmographic record from a normal subject (J.T.S.). Between records 
A and B the arm cuff was inflated to 110 mm Hg for 5 min to produce venous congestion in 
the forearm. The forearm flows in ml./100 ml./min were as follows: A, 3-0 ml; B, 15-5 ml.; 
C, 0-8 ml; D, 1st slope 1-2 ml., 2nd slope 2-8 ml.; and Z, 2-5 ml. 


Fig. 3.4 shows a typical result. The blood flow in ml./100 ml./min has been 
plotted against the time in min from the release of the congesting cuff. The 
results of twenty-two experiments on twelve normal subjects are shown in 
Fig. 2. Each estimation of blood flow has been expressed as a percentage of the 
average resting flow during a period of 1-2 min before the congesting pressure 
was applied. In every case the flow 3-5 sec after deflation of the congesting 
cuff was much above the resting level; these flows are omitted from the figure. 
The second flow (first in the figure) was usually, and the third invariably, 
below the resting level, which was not attained until about 1 min after deflation 
of the congesting cuff. 

In two experiments, each on a different subject, the congesting pressure was 
maintained for 20 and 30 min respectively. On release, the decrease in flow 
was no more and no less marked than after a 5 min period of congestion. There 
was therefore no evidence of adaptation for periods of at least half an hour. 
A similar response to that seen in the forearm was also obtained in two experi- 
ments on one subject in whom the blood flow through the calf was measured 
after congestion for 5 min. 

In three subjects (three, two and one experiments respectively), the blood 
flow through both forearms was measured simultaneously using the same col- 
lecting pressure but only one arm was subjected to venous congestion. The 
responses just described were obtained in the congested forearm and not in the 
control forearm. This shows that these responses are local ones in the previously 
congested vessels, and not a part of a general disturbance of the circulation. 
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Several findings suggest that the apparent decrease in the rate of blood flow 
is the result of a genuine vasoconstriction and not due to a fault in technique. 
It might be suggested that after release of the congesting pressure the re- 
inflation of the cuff for collection of blood failed to occlude the veins completely, 
thus giving a deceptively low result. This is unlikely for the following reasons: 
(a) the collecting pressure used was identical with the congesting pressure; 
(6) if measurements of flow were withheld until the volume of the forearm 
segment, as indicated by the base line in the tracing, was steady, the flow was 
observed to be below the resting level. There is no evidence, from observations 


150} 


Forearm blood flow (%) 


L 
0 1 2 
Minutes 
After 5 min congestion at 80-110 mm Hg 

Fig. 2. The results of twenty-two experiments on twelve normal subjects, showing forearm blood 

flow following 5 min venous congestion as a percentage of the average resting flow before 

congestion. The first flow in each experiment has been omitted. Resting levels of flow varied 
between 1-4 ml. and 4-5 ml./100 ml./min. 


on the limb volume, that the vessels were still distended, and therefore liable to 
resist further inflow of blood, at the time the reduced inflow was observed. The 
vessels were distended immediately after the release of the congestion, but at 
this stage the flow was high. Further, the inflow tracings were straight for 
several seconds, usually 10 sec or more, and the slope often increased during a 
single record of flow (Fig. 1D). It is concluded that the decrease in blood flow 
is due to constriction of vessels in the region previously congested. 
Experiments on subjects with sympathectomized limbs. Two subjects were used ; 
one had had a unilateral sympathectomy 12 months previously, and the other a 
bilateral sympathectomy 3 months previously, for Raynaud’s disease. They 
were otherwise free from vascular abnormality. Both subjects were indirectly 
heated for 1 hr with their feet in a water bath at 44° C to release sympathetic 
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tone (Lewis & Pickering, 1931). The first subject showed no increase in blood 
flow through the sympathectomized forearm and a normal vasodilatation in 
the other arm. The second subject showed no increase in flow through either 
forearm. There was thus no evidence of sympathetic activity in the vessels of 
the sympathectomized limbs. Fig. 3B shows a typical result on one of these 
subjects; it differs in no way from that obtained in the normal subjects. 
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Forearm blood flow (mi./100 mi./min) 
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Fig. 3. Forearm blood flow recorded in B.G.: a normal subject; R.W.: a patient who had had a 
cervical sympathectomy for Raynaud’s disease 3 months previously; and A.R.S.: a patient 
who had sustained a traumatic rupture of the brachial plexus | yr previously. The dotted lines 
indicate a 5 min period during which the collecting cuff was kept inflated to produce venous 
congestion in the forearm. 

Experiments on subjects with completely denervated limbs. Two subjects A.R.S. 

and G.McC. (Duff & Shepherd, 1953) were examined, one 1 yr, and one 3 yr, 

after brachial plexus injuries. Both had initially suffered complete anaesthesia 
and paralysis below the elbow. There was no evidence of return of nervous 
activity in A.R.S., while in G.McC. there was a slight return of sensation in the 
upper half of the forearm. The former subject showed no alteration in forearm 


blood flow in response to indirect heating. In both subjects the arterial pulsa- 
tions in the denervated limbs were normal. Five experiments were performed 
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on the denervated arms of these subjects, and the response was similar in all 
respects to that obtained in normal subjects. A typical result is shown in 
Fig. 3C. 


DISCUSSION 


Following the release of pressure in a cuff on the upper arm inflated to 80- 
110 mm Hg for 5 min there is a large but brief vasodilatation, followed by a 
vasoconstriction. The cuff causes an increase in pressure in the veins, capillaries 
and presumably in the distal portion of the arterial tree. Lewis & Grant (1925) 
measured the blood flow through the human forearm following the release of a 
cuff which had been applied at pressures of up to 90 mm Hg for 10-15 min. 
They recorded flow 5 sec after release of the cuff and thereafter at 1 min 
intervals for 5 min. The flows after release were higher than the resting level 
and never fell below this level; there were, however, no observations at the 
time at which we observed the smallest flows. In these experiments the circula- 
tion to the hand was not occluded by the wrist cuff later introduced by Grant & 
Pearson (1938), and under these conditions the apparent flow rates may be 
incorrect, and they may not even be directly proportional to the true flow 
rates. The error may vary with the individual subject, and in the same subject 
may vary with the state of the peripheral circulation and the exact arrange- 
ment of the plethysmograph and cuffs. Lewis & Grant described apparent 
resting flows of 10-15 ml./100 ml./min. An attempt was made to repeat their 
observations without inflation of the wrist cuff. It was difficult to obtain 
apparent resting flows at a steady level of 10-15 ml./100 ml./min even by raising 
the temperature of the water in the plethysmograph to 43° C and heating the 
subject generally. In twelve experiments on ‘five subjects a decrease of flow 
which persisted for about 1-1} min after release of the cuff was observed in 
every case except one. The discrepancy between these results and those of 
Lewis & Grant may be due to individual variation in the subjects, or more 
probably to the unsatisfactory nature of forearm blood-flow estimation in 
which no wrist cuff is employed. 

The initial high flow may be a reactive hyperaemia following venous con- 
gestion, as suggested by Lewis & Grant (1925). Another possibility, however, 
is that the vessel walls, which are stretched during the period of congestion, 
require about 15 sec to take up their new position when the congesting pressure 
is released. We have no definite evidence to offer on this point. 

The constriction following the initial vasodilatation may be a direct reaction 
of the muscle or it may be mediated through a nervous pathway. Gaskell & 
Burton (1953) have described a vasoconstriction in the human finger brought 
about by the increase in intravascular pressure when the finger is lowered to a 
dependent position. The reaction was unaltered in the chronically sympath- 
ectomized limb. Gaskell & Burton concluded that a non-sympathetic 
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veni-vasomotor reflex was responsible. Our own observations on chronically 
denervated limbs, in which the vasoconstrictor response was normal, show 
that the response is not mediated by nervous pathways which degenerate after 
such lesions. Apart from the possibility of peripheral nerve networks sur- 
viving in apparently denervated limbs, our evidence suggests that the vaso- 
constriction does not depend on nervous pathways. 

If the vasoconstriction is myogenic, it may be a response either to a chemical 
or to a mechanical stimulus. Considering first the evidence relating to the 
chemical stimulus, it may be supposed that during the period of venous con- 
gestion the local concentration of vasodilator substances rises because of the 
reduced rate of flow (Friedland, Hunt & Wilkins, 1943; Edholm, Moreira & 
Werner, 1954). After release of congestion the brief high flow may wash away 
so much vasodilator substance that the concentration falls below the normal 
resting level, so explaining the vasoconstriction. This type of over response to a 
chemical vasodilator stimulus is not seen after the intra-arterial injection of 
vasodilator substances in a wide range of doses (Duff, Greenfield, Shepherd & 
Thompson, 1953; Duff, Patterson & Shepherd, 1954). Conditions for washing 
away vasodilator substances are presumably not less favourable when their 
blood concentration has been raised than when their tissue concentration has 
been raised. It is also doubtful whether the very brief high flow, lasting usually 
not more than 15 sec, could wash away the material accumulated during 5 min 
of reduced flow. There are therefore difficulties in the way of a purely chemical 
explanation of the vasoconstriction. It is simpler to assume that the con- 
striction is a response on the part of the vessel wall to the mechanical stimulus 
of stretching. We therefore suggest that the explanation of the vasoconstriction 
is that proposed by Bayliss (1902) and Folkow (1949). 

The question arises as to whether the existence of this vasoconstriction 
following venous congestion may invalidate the measurement of blood flow 
through the forearm by venous occlusion plethysmography. When, as is usually 
the case, the initial rate of increase in limb volume is linear any disturbance 
must either occur instantaneously when collection begins or else it cannot 
operate during the period of linearity used in the estimation of blood flow. As 
the pressure in the vessels presumably cannot rise before blood begins to 
accumulate it is difficult to believe that the disturbance can begin instan- 
taneously. We therefore do not feel that these observations throw doubt on the 
measurement of forearm blood flow by venous occlusion plethysmography. 


SUMMARY 
1. A cuff around the arm has been inflated for 5 min to pressures varying 
from 80 to 110 mm Hg in order to produce venous congestion in the forearm. 
2. Immediately after release of this cuff, there is a transient increase in 
forearm blood flow, followed by a rapid decrease to about one half the resting 
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value; the flow then increases until the resting level is again reached in 
1-1} min. 

3. This decrease in flow is the result of a vasoconstriction of the forearm 
blood vessels. 


4. The vasoconstriction still occurs after the limb has been sympathecto- 


mized and somatically denervated. It is improbable, therefore, that any 
nervous mechanism is involved. 


5. The vasoconstriction may represent a direct response of the vessels to an 
increase in intravascular pressure. 


6. The existence of this phenomenon is unlikely to affect the validity of 
blood flow measurement by venous occlusion plethysmography. 


We wish to thank Prof. A. D. M. Greenfield for suggestions and criticism and Dr R. F. Whelan for 
reading and contributing to the manuscript. Prof. H. Barcroft, F.R.S., kindly gave us facilities to 
examine one of the patients in his laboratory. 
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REACTIONS OF THE BLOOD VESSELS OF THE HUMAN 
FOREARM TO INCREASES IN TRANSMURAL PRESSURE 


By A. D. M. GREENFIELD anp G. C. PATTERSON 
From the Department of Physiology, The Queen's University of Belfast 
(Received 20 March 1954) 


Bayliss showed in 1902 that a sudden rise of arterial pressure causes the volume 
of the hindlimb of dogs, cats and rabbits to decrease below the original after a 
preliminary increase. The response was unaltered by acute denervation. He 
also found that arrest of the circulation to a curarized hindlimb for as little as 
2 sec was followed by a large increase in the volume of the limb. These effects 
he ascribed to a direct reaction on the part of the muscular walls of the arteries, 
an increase in pressure causing constriction and a decrease dilatation. This 
explanation has been criticized by many workers, but has recently received 
support. Folkow (1949) has measured directly the arterial perfusion pressure 
in, and the rate of venous outflow from, the hindlimbs of anaesthetized cats. 
Very short (5 sec) periods of interrupted arterial inflow were followed by a 
pronounced vasodilatation which was substantially the same in the normal, 
acutely and chronically sympathectomized and chronically de-afferented limb 
respectively. In the acutely sympathectomized limb, a partial arterial occlu- 
sion, sufficient to lower the perfusion pressure, but not sufficient to lower the 
rate of blood flow below that occurring before sympathectomy, was also 
followed by vasodilatation. The dilatation following partial arterial occlusion 
was unaltered by large variations in the oxygen and carbon dioxide per- 
centages in the inspired air. Sudden steps up or down in the arterial perfusion 
pressure of the acutely denervated hindlimb of the cat (Folkow, 1953) caused 
sudden rises and falls respectively in the rate of venous outflow; in all cases, 
however, the rate of venous outflow gradually returned over the next minute 
towards, but not to, its original level. These observations support the view 
that the resistance vessels respond by dilatation to a fall and by constriction to 
a rise of perfusing pressure, although it is not clear whether the mean or the 
pulsatile pressure constitutes the predominant stimulus. Hilton’s (1953) 
observation that the outflow from the cat’s hindlimb is increased after arterial 
occlusion but not after venous occlusion gives further support. 
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Recently, Gaskell & Burton (1953) have made observations which they 
interpret as showing that a small distension of the veins causes a vasocon- 
striction in the resistance vessels of the human big toe. This they ascribe to a 
reflex arising from the veins acting on the arteries, and still operative after 
sympathectomy ; they did not, however, claim to exclude a myogenic response. 
Patterson & Shepherd (1954) have shown that the blood flow through the fore- 
arm is regularly decreased below the resting level following a 5 min period when 
the pressure in the vessels was raised by the inflation of a cuff on the upper 
arm to 80-110 mm Hg. The reaction was similar in normally innervated, 
chronically sympathectomized and chronically denervated limbs. There is, 
therefore, a considerable number of observations in man and several other 
species which suggest that peripheral vessels constrict in response to an 
increase in transmural pressure. 

Whatever the mechanism involved, it is clear that a vasoconstrictor re- 
sponse to distension of the peripheral vessels may play an important part in 
the regulation of the circulation, as was pointed out by Bayliss, and particularly 
in the adjustment to gravity, as was pointed out by Gaskell & Burton. In the 
observations so far reported, however, the changes in transmural pressure have 
been rather small, and in Patterson & Shepherd’s experiments it took a con- 
siderable time for the vessels to become distended and the transmural pressures 
to rise. The present experiments were designed to test the response over a 
wider range of times and pressures than has hitherto been used, including 
pressures of the order encountered by dependent parts under conditions of 
high acceleration as well as in the normal gravitational field. 

The method used was to expose the whole limb to a subatmospheric pressure 
of definite but variable size and duration. If the vessels in the limb were rigid 
tubes the exposure would have no effect on the pressure in the vessels relative 
to atmospheric, or on the rate of blood flow through them. It would, however, 
increase the transmural pressure equally in all the vessels (Fig. 1). It is there- 
fore equivalent in this respect to the effect of gravity at any horizontal level in 
a rigid U tube and approximately equivalent to the effect of gravity on the 
vessels in @ passive dependent limb. The effect of inflating a venous congesting 
cuff is quite different, being pronounced on the venous side but slight on the 
arterial side of the circulation. 

In practice the calibre of the vessels certainly alters while the subatmo- 
spheric pressure is applied. Compared with rigid tube conditions this must 
alter somewhat the form of the pressure gradient from artery to vein, but not 
the total pressure drop, and only in a minor way the transmural pressure of the 
limb vessels. Direct measurement with capacitance manometers of the pressure 
in the radial artery and in a vein on the dorsum of the wrist of one subject 
during exposure to subatmospheric pressure of — 100 mm Hg showed that the 
pressures in these vessels behaved as indicated in Fig. 1. It would be very 
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desirable to measure the rate of flow during the application of subatmospheric 
pressure. Unfortunately no method is at present available which is entirely 
suitable and reliable under these conditions, and observations were made of the 
rate of flow following the application. 


Normal Venous Gravity Subatmospheric 
congestion pressure 
100 5 100 3 200 105 
] 
98 6 99 85 198 106 
— 106 
25 90 125 
Cuff 80 mm Hg Tank 100 mm Hg 
above atmospheric below atmospheric 


Fig. 1. Figures in light type show hypothetical mean pressures in mm Hg above atmospheric in 
the arteries (left limb of U) capillaries (base of U) and veins (right limb of U) of the limb. All 
figures relate to ‘rigid tube’ conditions. In the first three cases the intravascular pressures are 
also substantially the transmural pressures. In the limb at subatmospheric pressure, the 
transmural pressures are shown separately in heavy type. 


METHODS 


The subjects were healthy young men with no evidence of vascular abnormality. The main series 
of observations were made on two trained subjects, A.D.M.G. and G.C.P. Supplementary experi- 
ments were made on normal medical students. The measurements were carried out in a laboratory 
at a temperature of 22-24° C, in which the subjects were seated for half an hour before any 
observations were made. 

The subject was seated comfortably with his arms extended in front of him, the axis of the 
forearms being 4 cm below the level of the sternal angle. The blood flow was measured simul- 
taneously in both forearms by venous occlusion plethysmography, the method being similar in 
detail to that described by Barcroft & Swan (1953). The left forearm was used throughout as a 
control. The right arm and ite plethysmograph were enclosed in an outer tank in which the 
pressure could be varied as desired (Greenfield & Patterson, to be published). The arrangement of 
the arm and cuffs in relation to the tank is shown in Fig. 2. This differs somewhat from the 
arrangement when the apparatus is used as a pressure plethysmograph but allows the collecting 
cuff to be in a favourable position, and the cuffs on the two arms to be arranged symmetrically. 
In the present experiments the plethysmograph rested directly on the floor of the tank and not on 
a slung platform, The plethysmographs were filled with water maintained at 35° C throughout the 
experiment. The wrist cuffs were inflated to above 300 mm Hg to arrest the hand circulation 1 min 
before flow measurements started. At least four measurements of the resting flow were made 
before each pressure exposure; the collecting pressure was 70-80 mm Hg throughout. The air 
lead from the right plethysmograph was then temporarily connected to the inside of the enclosing 
tank instead of to the float recorder, and the pressure in the tank reduced to the desired level for 
the desired time. The plethysmograph lead was reconnected to the recorder as soon as the tank 
pressure returned to atmospheric, and the collecting cuffs were inflated to 70-80 mm Hg for 12 sec 
in every 15 see for the next 2-5 min. The first inflation usually started about 10 sec after the return 
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of the pressure in the tank to atmospheric. Control observations showed that the air in the trans- 
mitting system from plethysmograph to float recorder assumed, for practical purposes, a constant 
volume within 10 sec of the release of pressure in the tank. The arm was exposed to pressures of 
50, 100, 150 and 200 mm Hg below atmospheric for periods of 5, 15, 30 and 60 sec. On any one day 
exposures were always made to the smaller before the larger pressures, and for the shorter before 
the longer periods. Second and subsequent exposures were made only when inspection. of the 
recordings indicated that the flow in both forearms had returngd to the resting level. In the 5 sec 
exposures the pressure was maintained at the full value for the whole of the 5 sec.. In the 15, 30 


To air reservoir 
at 300 mm Hg 


\ Tap T 


To float Se To float 
recorder recorder 
To pump and 
manometer 


To air reservoir 
at 70 mm Hg 


Fig. 2. Arrangement of the tank, plethysmographs and cuffs. Tap 7' connects the air 
lead from the plethysmograph either to the float recorder or to the tank. 


and 60 sec exposures, the time required for the build up of pressure was included in the stated time ; 
the build up was rapid, 100 mm Hg below atmospheric pressure being attained in 1-5 sec and 
200 mm Hg in 5 sec. After exposure, the return of pressure to atmospheric was almost instan- 
taneous. 

The volume changes associated with exposure for 60 sec to 50, 100 and 150 mm Hg below 
atmospheric pressure were observed in other experiments. During these, the wrist cuff was 
inflated to 300 mm Hg throughout and the position of the water meniscus in the sloping calibrated 
tube attached to the right plethysmograph was read before, and at 5 sec intervals during and for 
1 min after, the exposure. Allowance was made for the shift of the arm relative to the plethysmo- 
graph; this allowance was derived from observations of the apparent volume changes in parallel 
experiments with the circulation to the arm arrested. Volume changes will be the subject of a 
future paper, and they vary with the physiological state of the subject. Information is included 
about them now to enable the interpretation of the flow measurements to be discussed. 


Presentation of results 

The aim of the investigation was to study the reaction of the vessel walls to local stress. Inevit- 
ably the local stress resulted also in some general alterations in the circulation, and even at rest 
there are continual small general adjustments of the peripheral circulation. To deal with this 
situation the assumption was made that all general alterations act symmetrically, and cause equal 
percentage (as opposed to absolute) effects on the two sides. 
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Let Eb be the mean of four observations of blood flow in the experimental forearm during the 
base-line period. 
Cb be the corresponding mean flow in the control forearm. 
Eo be the observed level of blood flow in the experimental forearm y sec after exposure to 


pressure. 
Ex be the expected level of blood flow in the experimental forearm y sec after exposure to 
pressure if alterations are due only to general factors. 
Co be the observed blood flow in the control forearm y sec after exposure to pressure. 
Then the assumption is that 
Beam 
Cb Co 
The effect of local factors is to make the blood flow Zo instead of Hx. The observed flow may be 
expressed as a percentage of the expected by the formula: 
Eo 
Percentage = Ez 
Eo.Cb 
Fb .Co 


The operation of this formula is illustrated by Fig. 3. This shows the results of an experiment in 


which all the procedures of the pressure exposure expected by the subject were carried out, but in 
which no subatmospheric pressure was actually applied to the arm. At 2-5 min the subject was 


x 100 


150} 
354 
| 
> Ww 
50} « 
E 0 i i i = OLS i i 
0 1 2 3 4 ~ 9 1 2 
Minutes Minutes 
Fig. 3. Fig. 4. 


Fig. 3. Blank experiment to show the method of presenting results. The subject expected, but did 
not receive, a subatmospheric pressure exposure between the vertical lines. At 2-5 min there 
was a loud bang, producing a general disturbance of the circulation. Solid circles, right fore- 
arm, open circles, left forearm. The lower part of the figure shows the blood flow in right 
forearm expressed as a percentage of the flow which would be if there local 
disturbance of the circulation. mong cesta 

Fig. 4. Results of three blank experiments on A.D.M.G. (plain lines and three blank experiments 
on G.C.P. (lines ending in solid circles). : 3 


pectedly startled by a loud noise, causing a general circulatory disturb considera 

through the right forearm in this experiment expressed as a percentage of the flow which would be 
expected if there was no local disturbance of the circulation. There was, in this experiment, no 
intentional local disturbance of the circulation in the right arm, and the percentage remains 
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reasonably close to 100 throughout, Results of six blank experiments on A.D.M.G. and G.C.P. in 
which there was no pressure exposure are shown in Fig. 4. In all of these, the percentage blood 


flow also remains reasonably close to 100 throughout. This indicated that the assumption used in 
the calculation is justified. 


The form of presentation of the results eliminates the effects of general disturbances and displays 
only the results of local disturbances of the circulation. There is good evidence, given later, that 
the capacity vessels were not significantly distended while the blood-flow measurements were 
being made. Decreases in blood flow therefore indicate a raised local peripheral resistance (vaso- 
constriction) and increases in flow a lowered local peripheral resistance (vasodilatation). 


RESULTS 
Fig. 5 shows recordings from a typical experiment in which the pressure in the 
tank enclosing the right arm was reduced to 100 mm Hg below atmospheric 
(—100 mm Hg) for 30 sec. The rate of blood inflow to the left arm remained 
almost unchanged, but that to the right arm was much diminished after the © 


SE 

| 

120 

R 
5 sec 


Fig. 5. Tracings from original records repositioned so that simultaneous events are superposed. 


Records of blood inflow to right and left forearms, before, and after exposure of rightarmtoa ~- 


pressure 100 mm Hg below atmospheric for 30 sec. Scales at right show calibration of 1 ml. 
per 100 ml. of forearm. 


exposure and returned only slowly to the resting level. The flows shown (in 
ml./100 ml. forearm/min) were, in the left forearm, 4°6 before and 4-0, 4-3, 4-5, 
4-7 and 5:1 after the exposure, and in the right forearm 4-0 before and 1-5, 2-2, 
2:5, 29 and 4-0 after. The mean of the four flows before exposure (only the last 
of which is shown in the figure) was, on the left, 4-0, and on the right, 3-2. The 
flows after exposure in the right arm, expressed as a percentage of the flows 
which would have been expected had there been no local disturbance of the 
circulation, were 47, 63, 69, 88 and 97. In this example, there was relatively 
little disturbance of the blood flow in the control arm, and the evidence for 
vasoconstriction in the experimental arm is obvious before the results are 
expressed as percentages. In many experiments, however, particularly at the 
higher pressures, the flow in the control arm was considerably altered 
(generally reduced), indicating a general disturbance of the circulation. 

The results of a series of experiments in which the two trained subjects, 


A.D.M.G. and G.C.P., were each exposed on three occasions to the full range of 
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times and pressures are shown in Figs. 6-9. A comparison with the results of the 
blank experiments (Fig. 4) on the same subjects, in which there was no pressure 
exposure, shows that a pressure of —50 mm Hg for as little as 5 sec was 
followed by a small but definite vasoconstriction. Following the same pressure 
for longer periods there was a larger and longer vasoconstriction. In some 


Exposures to 50 mm Hg below atmospheric 


150} 
SOF 
5 sec : 15 sec 
0 A 1 L i i 
150} - 
10 — —\ — — 
30 sec 60 sec 
0 1 2 0 1 2 


Fig. 6. Ordinate, blood flow %. Abscissa, time in min from end of exposure to subatmospheric 
pressure. Plain lines, A.D.M.G.; lines ending in solid circles, G.C.P. 


cases an initial dilatation preceded the constriction; this happened more often 
with A.D.M.G. than with G.C.P., and more often after the longer than after the 
shorter exposures. 

Following the exposures to — 100 mm Hg the vasoconstrictor response was 
in every case more conspicuous than that following the corresponding exposure 
to —50 mm Hg. The initial vasodilatation was less frequent and smaller than 
at —50 mm Hg. 

Following exposure to —150 mm Hg for 5 or 15 sec, the vasoconstrictor 
response was larger than after the lower pressures for these periods. Following 
— 150 mm Hg for 30 sec the constriction was similar to that after — 100 mm Hg 
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for 30 sec. After —150 mm Hg for 60 sec the pattern of response was entirely 
different. In all three experiments on A.D.M.G. and one of the three on G.C.P. 
there was a large dilatation in place of the usual constriction. In one of the 
experiments on A.D.M.G. observations were continued, and the dilatation 
persisted for 15 min. 


Exposures to 100 mm Hg below atmospheric 


SOF 
5 sec 15 sec 
0 i i i i 
150+ 
50 F 1 Ff 
30 sec 60 sec 
0 i rT i i i 
0 1 2 0 1 2 


Fig. 7. Ordinate, blood flow %. Abscissa, time in min from end of exposure to subatmospheric 
pressure. Plain lines, A.D.M.G.; lines ending in solid circles, G.C.P. 


Following exposure to —200 mm Hg the results were irregular. There was 
some degree of vasoconstriction in G.C.P. after exposures of 5, 15 and 30 sec, 
but in A.D.M.G. vasodilatation was more usual than constriction. Following 
exposure for 60 sec, there was a large vasodilatation in all three experiments on 
A.D.M.G. and in one on G.C.P. The subsequent course of these vasodilatations 
is shown in Fig. 10. In all four cases the dilatation was still pronounced 15 min 
after the exposure, the flows then being 160-200 % of the expected level. 

The question arises as to whether the large vasodilatation following exposure 
to — 200 mm Hg for 60 sec may have been due to contraction of the muscles of 
the arm in the pressure tank. The subjects avoided any intentional tightening 
of these muscles, but there may have been unconscious muscular contraction 
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in response to the considerable pressure of the hand against the plaster cast. 
An experiment was therefore carried out in which, instead of exposing the arm 
to subatmospheric pressure, the subject intentionally pushed as hard as pos- 
sible against the plaster cast for 60 sec. Blood-flow observations were made 


Exposures to 150 mm Hg below atmospheric 


100 — od — — 
SOF ~ 
5 sec 15 sec 
150} : 
\ 
50F 
30 sec 60 sec 
0 i i L i 4 
0 1 2 0 1 2 


Fig. 8. Ordinate, blood flow %. Abscissa, time in min from end of exposure to subatmospheric 
pressure. Plain lines, A.D.M.G.; lines ending in solid circles, G.C.P. 

before and after this, and the results are shown in Fig. 10. This exercise, which 
was certainly more severe than any during the pressure exposures, was followed 
by a short vasodilatation and the flow returned to within 20% of base-line in 
3 min. 

The prolonged vasodilatation is due to the increased transmural pressure of 
the blood vessels during the exposure to subatmospheric pressure. It is not 
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Exposures to 200mm Hg below atmospheric 


150 F - 
100 — 
Sor 
5 sec 15 sec 
400 . 
] 350 - 
300 ~ ~ 
SOF - “ 
30 sec 60 sec 
i i i i 
ae 1 2 0 1 2 


Fig. 9. Ordinate, blood flow %. Abscissa, time in min from end of exposure to subatmospheric 
pressure. Plain lines, A.D.M.G., lines ending in solid circles, G.C.P. 
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due to the effects of reduced pressure on other structures in the limb. If the 
circulation to the arm was arrested by inflating the upper cuff to 250 mm Hg, 
thus preventing the entry of blood and distension of the vessels, exposure to 
— 200 mm Hg for 60 sec was followed by a brief reactive hyperaemia (Fig. 11). 
This did not differ significantly from the reactive hyperaemia following cir- 
culatory arrest for 60 sec without pressure exposure. These observations also 
suggest that any muscular contractions in the arm during the exposure were 
too slight to affect appreciably the blood flow after release of the circulation. 

Observations on other subjects. In a series of similar experiments the right arms 
of seven untrained subjects were exposed to — 100 mm Hg for periods of 5, 15, 
30 and 60 sec. The results of these experiments (Fig. 12) were similar to those of 
the series on A.D.M.G. and G.C.P. at —100 mm Hg (Fig. 7), but they were 


0 iL i i i 
0 5 10 15 
Minutes Minutes 
Fig. 10. Fig. 11. 


Fig. 10. Blood flow % after exposure of forearm to - 200 mm Hg for 60 sec. Plain lines, A.D.M.G. ; 
line ending in circles, G.C.P. Curve with open circles shows results of an experiment in 
which G.C.P. pushed as hard as possible against the end of the tank for 60 sec without any 
exposure to reduced pressure. 

_Fig. 11. A comparison of the effects of arresting the circulation for 1 min (open circles) and ex- 
posing the arm to ~200 mm Hg during arrest of the circulation for 1 min (closed circles). 
Each curve, showing blood flow after release as percentage of expected flow, is the mean of 
three experiments on A.D.M.G. 


rather more scattered. In a few cases there was a brief initial vasodilatation. 
This may have been due to contraction of the arm muscles, although the 
subjects were specifically warned against this. 

Sensations and appearances. At pressures of 50 mm Hg below atmospheric 
the arm is felt to ‘fill up’, and after 30 sec it feels warm and distended; the 
feeling of distension at — 100 mm Hg is greater. At —150 mm Hg the sensa- 
tion is definitely unpleasant when first experienced. At —200 mm Hg the arm 
feels extremely tense after the first 15 sec but in some experiments (those in 
which a pronounced vasodilatation followed the exposure) there was a sudden 
lessening of sensation towards the end of the 60 sec. A.D.M.G. had a mild 
ache in the arm for up to 3 days after each 60 sec exposure at —200 mm Hg: 
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G.C.P. noticed no after effects. In both subjects a crop of petechial haemor- 
rhages appeared after exposures to — 150 and —200 mm Hg, but there were 
no other signs of haemorrhage. There was no sensation of warmth or fullness 
on exposure to pressure with the circulation to the arm arrested. 

Volume changes. The arrangement of the arm and cuffs in the present experi- 
ments is not suitable for making precise determinations of the volume changes 


Exposures to 100 mm Hg below atmospheric 


100 


0 


Fig. 12. Observations on seven normal but untrained subjects, most of whom were 
exposed on several occasions. 


during exposure to subatmospheric pressure. This arises from the impossibility 
of correcting exactly for the movement of the arm relative to the plethysmo- 
graph. However, a reasonably good estimate of the volume changes under the 
conditions of the blood flow experiments was possi~'-. For this purpose it was 
assumed that while the cuffs shown in Fig. 2 were inflated to 250 mm Hg, the 
apparent volume changes in the first 5 sec of exposure to subatmospheric 
pressure, and in the first 5 sec after release of pressure, were due entirely to, 
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and represented the whole of, the tissue movement relative to the plethysmo- 
graph. The mean of these two volume changes (about 1-0 ml./100 ml. of arm at 
—100 mm Hg, and 2-0 ml./100 ml. at — 200 mm Hg) was subtracted from the 
observed volume change throughout the period of exposure to subatmospheric 
pressure in experiments with the circulation free. These corrected results are 
probably accurate to + 0-5 ml./100 ml. 

Fig. 13 shows the corrected volume changes in one of the subjects, A.D.M.G., 
during and after exposure to pressure for 60 sec. Each curve is the mean of 
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Fig. 13. Volume changes during and after exposure to various subatmospheric pressures 
for 60 sec. Each curve is the mean of three experiments. 


three observations. During the exposure the volume increased rapidly for the 
first 15 sec at all pressures, more rapidly at high than at low pressures. There- 
after the increase was slow. Following the exposure, the limb volume returned 
rapidly to a steady level. After —50 mm Hg, the original volume was regained 
in 30 sec. After the higher pressures, the original volume was not attained in 
the first minute after exposure, but a steady volume was reached in 30 sec after 
— 100 mm Hg and 45 sec after — 150 mm Hg. The cause of the residual volume 
increase has not been determined. It may be due to accumulation of blood in 
dilated vessels, or to accumulation of tissue fluid. Very similar observations 
were made on the second subject, G.C.P., but the arm was at all pressures less 
distensible; the volume changes were about 66% of those shown in Fig. 13. 
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DISCUSSION 


Validity of the evidence for reduced inflow. A correlation of the volume and 
blood-flow changes after exposure to —50 and —100 mm Hg shows that the 
volume had reverted to a steady level by the time the lowest flows were recorded, 
usually 30 sec after release. From then onwards, the volume was almost 
constant, but the flows progressively increased. There is thus no evidence that 
the reduced inflow of blood was in any way due to distension of the capacity 
vessels in the limb. 

We have also shown (Greenfield & Patterson, 1954) that application of a 
venous back pressure sufficient to cause a steady increase in limb volume of 
2% is without significant effect on the apparent rate of blood inflow. This 
represents a greater filling of the capacity vessels of the limb than was present 
during the reduced inflow after pressure exposure in any of the present series of 
experiments (Fig. 13). 

The inflow curves in all these experiments were virtually straight lines for 
most of each 12 sec collection period. This is strong evidence against reduction 
of inflow by back pressure from overfilled receiving vessels. 

Validity of the evidence for increased inflow. The high first flows sometimes 
seen after exposure to —50 and — 100 mm Hg, and the high flows which were 
commonly observed after exposure to — 150 and — 200 mm Hg were recorded 
at a time when the limb volume had either attained, or was greater than, the 
post-exposure steady value. In any case, no possible reduction in pressure in 
the veins could increase the net perfusion pressure in the limb sufficiently to 
account for the greatly increased flows. 

General discussion. These observations show that there are two local reactions 
to distension of the blood vessels of the forearm. Moderate distension is followed 
by a period of reduced blood flow. Severe distension is followed by increased 
blood flow. These alterations in flow are due to purely local factors; observa- 
tions on the control arm were used to detect general circulatory disturbance, 
and the results before being plotted in the figures were adjusted to eliminate 
the effects of such disturbances. These alterations in flow can be accounted for 
only by local vasoconstriction or vasodilatation. It is supposed that these 
reactions occur during the pressure exposure, and that we were observing their 
decline after the stimulus was removed. We have, at present, no information 
about the reaction during exposure. We do not know, for instance, what 
happens to the rate of blood flow during a moderate increase in transmural 
pressure. The arterio-venous pressure difference presumably remains approxi- 
mately constant. If the vessel walls were passive, they would stretch and the 
rate of flow would increase. Is the vasoconstrictor response able to oppose the 
passive stretching, so that the flow remains unaltered and perhaps even 
diminished? If so, what is the continuing stimulus? These questions are 
unanswered. 
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The present observations are confined to the forearm. Observations on the 
leg would be of great interest as the vessels there are more exposed to rises in 
transmural pressure due to gravity. 

Vasoconstriction following a moderate increase in transmural pressure. 
Exposure to —50 or —100 mm Hg for as little as 5 sec was followed by a 
definite vasoconstriction. Reference to Fig. 13 shows that at 5 sec the limb 
volume had increased by 0-45 and 1-05% respectively. A steady increase in 
forearm volume of up to 2%, brought about by the application of a venous 
congesting cuff at 15-30 mm Hg, is without appreciable effect on the apparent 
rate of blood inflow to the forearm (Greenfield & Patterson, 1954). The capacity 
vessels must be more distended when the limb volume is increased by 2% than 
when it is increased by 0-45 or 1-05%. It is concluded that the vasoconstriction 
following short exposures to subatmospheric pressures does not depend on 
distension of the capacity vessels. 

On the other hand, the arteries and arterioles are filled with blood before the 
pressure exposure, and it is reasonable to expect that when the exposure starts 
the transmural pressure in these vessels is quickly raised. This suggests that 
the vasoconstriction is a response to raised transmural pressure in the arteries 
or arterioles, 

The longer exposures to subatmospheric pressure produce greater distension 
of the capacity vessels, and it is possible that the distension helps to bring 
about the vasoconstriction, although there is no evidence in our experiments 
to support this idea. 

Distension may presumably cause vasoconstriction by: (a) stimulation of 
receptor endings of an axon or other reflex pathway leading to the muscle in 
the vessel walls, (b) disturbing the distribution and rate of blood flow, and so 
the chemical state of the part, (c) directly stimulating the muscle in the vessel 
walls, or (d) a combination of any two, or of all three, of these factors. 

Patterson & Shepherd (1954) found that the diminished blood flow following 
venous congestion at 80-110 mm Hg for 5 min was as large in the chronically 
denervated and chronically sympathectomized as in the normal limb. This 
makes a nervous mechanism unlikely. 

Exposure to subatmospheric pressure increases the rate of blood inflow to 
the limb above the resting level of 3-4 ml./100 ml./min. The initial inflow rate 
in the experiment shown in Fig. 13 was 5-4 ml./100 ml./min at —50 mm Hg, 
and 10-8 ml./100 ml./min at —100 mm Hg. The proportion of this inflow 
passing through vessels permitting exchange of substances between the blood 
and the tissues is uncertain, but it seems likely that the flow through such 
vessels is increased. This may lower the concentration of vasodilator sub- 
stances, and lead to a vasoconstriction. Patterson & Shepherd (1954), how- 
ever, obtained an essentially similar vasoconstrictor response after a period of 


venous congestion, and found serious difficulties in the way of a chemical 
explanation. 
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The evidence for a direct response to stretching of the muscle in the vessel 
walls is suggestive but not conclusive. Our results, and those of other workers 
(Folkow, 1949, 1953), can be very simply explained as a response to a mechani- 
cal stimulus, but it is difficult to exclude other explanations. 

Whether direct or indirect, local adjustments of the circulation to pressure 
changes must contribute significantly to the overall control of the circulation. 

Vasodilatation following a large increase in transmural pressure. This reaction 
follows increases in transmural pressure which regularly produce petechial 
haemorrhages and which are either greater or more prolonged than those likely 
to be experienced during normal life. They are not outside the range of pressures 
which may be encountered in dependent parts under conditions of high centri- 
fugal acceleration in the absence of a pressure suit. Since the vessels are dilated 
after the pressure exposure, it is reasonable to assume that they are much more 
dilated during the exposure. If so, the rate of flow of blood through the limb 
must be extremely high, and under high acceleration limbs reacting in this way 
may shunt a large fraction of the output of the heart. 

Arterial gas embolism is able to cause a dilatation not unlike that following 
subatmospheric pressure exposure (Duff, Greenfield & Whelan, 1953). A 
pressure drop from atmospheric to 200 mm Hg below atmospheric, is not one 
which is, when applied to the whole individual, associated with symptons of 
gas embolism, but it is difficult to prove that no gas bubbles are formed. The 
blood, however, is the one tissue in the arm which is not subjected to the sub- 
atmospheric pressure once equilibrium is attained. The blood in the limb is in 
communication with the arteries and veins outside the tank, and, at equili- 
brium its pressure relative to atmospheric is little changed. When the sub- 
atmospheric pressure is first applied, and before the limb vessels have become 
distended, the blood is probably under reduced pressure; it is this reduced 
pressure that causes the very rapid filling of the limb with blood. But the 
dilatation follows the long rather than the brief exposures. Further, if the 
circulation to the arm is arrested during the exposure (Fig. 11) so that the blood 
is exposed to the subatmospheric pressure for the whole period, but the blood 
| vessels are unstrained, release is followed by a brief reactive hyperaemia and 
not a prolonged dilatation. It is concluded that the dilatation is most unlikely 
to be caused by gas embolism. The cause of the dilatation remains obscure. 
Since it is associated with the formation of petechial haemorrhages and some- 
times with prolonged discomfort in the arm, it may be a reaction of the vessels 
to injury. 

SUMMARY 

1. The rate of blood flow through the forearm has been measured following 
exposure of the arm to pressures of 50, 100, 150 and 200 mm Hg below atmo- 
spheric for periods up to 60 sec. During exposure the transmural pressure is 
increased in all the vessels of the limb. 
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2. Following exposure to —50 and — 100 mm Hg and to — 150 mm Hg for 
30 sec or less there is a reduction in flow due to a local vasoconstriction. The 
vasoconstriction, at any rate in the short exposures, is a response to an increased 
pressure difference between the inside and outside of vessels on the arterial 
side of the circulation. The mechanism of the response is discussed. 

3. Following exposure to — 150 mm Hg for 60 sec, or to ~ 200 mm Hg for 
60 sec or less, there is usually a large vasodilatation which may persist for more 
than 15 min. This is a consequence of raised transmural pressure of the vessels. 
There is, however, no evidence to show whether the rise in transmural pressure 
on the arterial or the venous side of the circulation or both provides the effective 
stimulus. 


We are grateful to Dr R. F. Whelan and DrF. Duff for discussions about the implications of these 
results, particularly with regard to gas embolism, and to the students who acted as subjects for 
some of the experiments. The intra-arterial and intravenous pressure measurements were made 
on one of us (G.C.P.) at the R.A.F. Institute of Aviation Medicine, Farnborough, and we wish to 
thank Group-Captain W. K. Stewart for giving us facilities and Flight-Lieutenant P. Howard for 
making the measurements. 
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THE EFFECT OF SMALL DEGREES OF VENOUS 
DISTENSION ON THE APPARENT RATE OF 
BLOOD INFLOW TO THE FOREARM 


By A. D. M. GREENFIELD anp G. C. PATTERSON 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 24 April 1954) 


Gaskell & Burton (1953) have recently published observations on the effect of 
posture on the apparent rate of blood inflow to the toes. They found a much 
lower apparent inflow rate to the toe of a leg depressed as little as 15° below 
the horizontal level than was seen simultaneously in the toe of the control 
horizontal or slightly raised leg. The lowered rate was ascribed to a veni- 
vasomotor reflex, distension of the veins causing a constriction of the arteries. 
They did not prove the reflex nature of the phenomenon by observations on 
completely denervated limbs, and the observations of Patterson & Shepherd 
(1954) on what may be a similar phenomenon throw doubt on its reflex nature. 
Whatever the mechanism, however, the observations, as pointed out by Gaskell 
& Burton, throw serious doubt on the validity of the classical method of 
measuring the rate of blood flow by venous occlusion plethysmography. It is 
suggested that the very act of collecting blood in the vessels of a part by dis- 
tending the veins reduces the arterial calibre and the rate of arterial inflow. 
Gaskell & Burton confined their observations to the toe and the finger, and even 
if their interpretation of these observations is accepted it does not follow that 
the method is invalid in other situations, although it must be suspected. Suspi- 
cion is extended to the forearm by the recent evidence from this laboratory that 
considerable distension of the vessels brought about by venous congestion 
(Patterson & Shepherd, 1954) or exposure of the arm to subatmospheric pres- 
sure (Greenfield & Patterson, 1954) is followed by vasoconstriction. These obser- 
vations were made by venous occlusion plethysmography, but the conclusions 
are based on differences in apparent flow rates in the control and experimental 
arms, and do not depend on the absolute reliability of the method. A great 
deal of work on the peripheral circulation in man has, since the first observa- 
tions of Hewlett & Zwaluwenburg (1909), depended on measurements of the 
rate of blood flow by venous occlusion plethysmography. It is important, 
therefore, to re-examine the validity of the method. 
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METHODS 
Observations were made on four healthy young men, recumbent on a 4 in. thick latex foam 
mattress with the head and shoulders slightly raised, in a room at 20-22° C. The blood flow was 
- measured simultaneously in both forearms. The forearms were enclosed in plethysmographs 
(Greenfield, 1954) containing stirred water at 35° C. The forearms were slightly below, and the 
water levels in the plethysmographs were slightly above, the level of the sternal angle. The wrist 
cuffs, 6 om wide, encircled the arm, and were inflated to above 200 mm Hg 1 min before flow 
observations started. The collecting cuffs, 12 cm wide, were arranged with the lower border just 
above the fold of the elbow. Both collecting cuffs were inflated to 70 mm Hg for 12 sec every 15 sec 
throughout a sequence of observations. Between collections, the cuff on the left arm was always 
returned to atmospheric pressure, but that on the right was returned to atmospheric pressure 
during the ‘rest periods’ and to some chosen pressure, usually 10-30 mm Hg above atmospheric, 
during the ‘distension periods’. A sequence of observations consisted of about seven rest and 
seven distension periods, and each wrist cuff was kept inflated throughout. All distension periods 
lasted 1 min, during which four records of flow were obtained, The rest periods were continued 
until at least four apparently steady consecutive flows (as judged by inspection) had been recorded 
in each forearm. In some experiments the flow in the right arm was apparently raised or lowered 
immediately after a distension period; in these the subsequent rest period had sometimes to be 
prolonged to two or more minutes in order to secure the four apparently normal flows which would 


RESULTS 
A typical series of plethysmographic recordings is shown in Fig. 1. In this 
example, the means of four observations (in ml./100 ml./min) before the dis- 
tension period were, on the left (Cb), 5-1, and on the right (Hb), 4-7, and during 
Left 


Right i, 
AA 


Fig. 1. Observations on G.C,P. Over the period indicated the pressure in the collecting cuff on 
the right arm was returned to 20 mm Hg between collections. The arrows indicate the direc- 
tion and extent of shifts of the lower recorder equivalent to 0-83 % of the forearm volume. 


the distension period were, on the left (Co), 4-8, and on the right (Ho), 5-1. The 
blood flow on the right during the distension period, expressed as a percentage 
of the flow that would have been expected had there been no local disturbance 
of the circulation, and had all general disturbance acted symmetrically (Green- 
field & Patterson, 1954), is 
Eo 5-1 1 


11B%. 


— x 100 


| constitute the base-line for the next distension period. 
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In this example, measurement of the record (allowing for the imposed shift of 
083%) shows that at the commencement of the four flows during the disten- 
sion period, the volume of the right arm was increased respectively by 1-0, 1-3, 
1-4 and 15% (mean 1:3%) of its normal resting volume. In this example, 
therefore, the inflow was 115% of the expected rate, and the distension 
amounted to 1-3% of the resting volume of the limb. The results of seventy- 
two such observations on four subjects are shown in Fig. 2. For comparison 
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Steady increase in limb volume (%) 


Fig. 2. Each point on this diagram represents the results 
of an experiment of the type illustrated in Fig. 1. 


are shown sixty-eight control observations, calculated in exactly the same way, 
but in which the pressure in the collecting cuff on the right arm was returned 
to atmospheric during the distension as well as the rest periods. These results 
are analysed in Table 1. The difference between the mean of the control series 
and the mean of the pooled observations during distension is not significant. 
On the other hand, when the pooled observations during distension are ex- 
amined there is found to be a highly significant correlation (0-001 > P) between 
blood flow and distension. On examining the level of apparent flow at various 
levels of distension, this is found to differ significantly (0-05>P) from 100% 
at distension between 0-51 and 1% of limb volume, the mean being 107-:9%. 
At the other levels of distension (1-01-1-5 and 1-51-2-0%) the mean is not 
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significantly different from 100%. It will be seen that even over the 0-51-1-00%, 
range, the mean, although significantly different from 100%, is raised only by 
about one part in thirteen. The striking feature of the observations is the very 
small or negligible effect of small degrees of distension on the apparent inflow 
rate to the forearm. 


if distension caused no disturbance of the circulation 
Distension, % 0 0-51-1 1-01-1-5 1-5-2 0-1-2-5 
(controls) (pooled) 
No. of observa- 68 21 21 21 72 
tions 
Mean blood 100-0 107-9 99-3 98-6 101-1 


0-87 2-48 1-87 2-6 1-36 
P for 10>P>09 001>P>0-001 08>P>0-7 06>P>05 05>P>04 


G.C.P. 
120 

80 - 

1 2 


Steady increase in limb volume, % 


Fig. 3. Observations on G.C.P., the blood flow to the forearm being raised throughout to 
10-20 ml./100 ml./min by a combination of local and general heating. 


In all the observations so far described, the level of resting flow was in the 
range 2-6 ml./100 ml. of forearm/min. It is possible that distension operates 
differently at high levels of flow. An experiment was therefore conducted in 
which the subject was wrapped in blankets, both feet were immersed in stirred 
water at 43° C and both forearm plethysmographs were maintained at this 
temperature. In this experiment the flow in both forearms at the start was 
about 10, and at the end about 20 ml./100 ml./min. The flows on the two sides rose 
gradually throughout. The results, plotted in the same way as the other 
observations, are shown in Fig. 3. The ten control observations without 
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distension have a mean of 100-2, s.z.+3-32, and the fifteen observations 
with distension have a mean of 98-5, s.2.+1-05. Neither mean is signi- 
ficantly different from 100 (the values of P are respectively 0-9>P>0-8 and 
0-4>P>03). 

DISCUSSION 


These observations show that a degree of venous back pressure sufficient to 
cause a steady increase of up to 2% in the volume of the forearm is not asso- 
ciated with any significant alteration in the apparent rate of blood inflow as 
determined by the classical method of venous occlusion plethysmography. 
Since the volume increase of the forearm during a blood flow estimation is 
usually less than 1%, and need never be more than this, there is no evidence 
that during the ordinary application of the method venous distension causes 
vasoconstriction. These experiments offer no evidence for the existence of 
a veni-vasomotor reflex in the forearm. Other experiments (Patterson & 
Shepherd, 1954) have shown that the resistance vessels of the forearm may 
constrict after a period of more severe venous congestion, and the work of 
Greenfield & Patterson (1954) makes it extremely likely that this response is 
due to a raised transmural pressure in the arterial and not in the venous side 
of the circulation. 

Before considering these findings in relation to those of other workers, it is 
convenient to consider what happens during a blood flow estimation by venous 
occlusion plethysmography. Fig. 4 shows a record of the volume changes in 
the forearm during inflation of a collecting cuff on the upper arm to 70 mm Hg 
for 130 sec; a wrist cuff was inflated to 200 mm Hg throughout. The mean 
pressures, as measured by a damped condenser manometer, in the brachial 
artery and in the antecubital vein at the level of the elbow are also shown. The 
‘apparent inflow’ has been computed from the record of volume changes. The 
‘actual inflow’ and ‘actual outflow’ are conjectural; they have not been 
measured. The events may be divided into three phases; these merge into each 
other, and the positions of the dividing lines in Fig. 4 are arbitrary. Our inter- 
pretation of the events during these phases is as follows: 

Phase 1. The veins and other capacity vessels are relatively empty at the 
start. During this initial period of distension the pressure within them rises 
only slightly, and the arteriovenous pressure difference is only slightly reduced. 
The venous outflow is completely arrested. The apparent rate of inflow is 
identical with the actual rate of inflow, and this is the same as the resting 
inflow. 

Phase 2. Accumulation of blood in the veins and other capacity vessels leads 
to a progressive rise of pressure within them, but the pressure is as yet insuffi- 
cient to cause venous blood to leak past the collecting cuff. The arteriovenous 
pressure difference is reduced but the resistance vessels may be passively 
dilated or may be actively dilated or constricted. The apparent rate of inflow 
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is identical with the actual rate of inflow, but both may differ from the resting 
rate of inflow. 

Phase 3. Accumulation of blood in the veins and other capacity vessels has 
raised the pressure in them sufficiently for blood to leak back under the col- 
lecting cuff. The arteriovenous pressure difference is much reduced. The intra- 


Phase 1 Phase 2 Phase 3 


1% per 


Fig. 4. Events during venous occlusion plethysmography. For explanation, see text. Actual 
inflow = actual outflow +apparent inflow. Each division on vertical scale for inflow and out- 
flow represents 1 ml./100 ml. of forearm per min. Total duration of collection, 130 sec. 

vascular pressures remain steady in all vessels throughout this phase, but the 

capacity vessels continue for some time to distend under the influence of the 

steady pressure. There is, therefore, an apparent rate of inflow, but this is less 

ese the actual rate of inflow, which is in turn less than the resting rate of 
ow. 

It is clear from this that only in phase 1 can the apparent rate of inflow 
possibly be taken as a valid measure of the resting rate of inflow before the 
venous occluding cuff is inflated. If the circulation is disturbed, even this 
measure must be inaccurate. Only in situations, such as the forearm or the 
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calf, where the inflow curve is straight for a considerable distance, is it possible 
to deduce with reasonable certainty that the circulation is not disturbed during 
the first phase of inflow. A straight curve implies either an instantaneous 
disturbance when the collecting cuff is inflated (which is unlikely) or no dis- 
turbance until the curve deviates from a straight line. 

The inflow curve is, however, often fairly straight in phase 3 as well as in 
phase 1 (Fig. 4), and it is quite unsafe to conclude that because the curve is 
straight, the apparent rate of inflow represents either the actual rate of inflow 
or the resting rate of inflow. 

It is necessary to reconcile our present findings with the observations made 
on the toes by Gaskell & Burton (1953) with the venous occlusion plethysmo- 
graphic method. In the first place, the vessels in the toes and forearm may 
behave differently. Secondly, Gaskell & Burton interpreted the apparently 
lower rate of blood inflow to the toe of the dependent as compared with the toe 
of the horizontal leg as a real decrease in blood flow brought about by a hypo- 
thetical veni-vasomotor reflex. Other interpretations are possible. In the 
dependent toe the veins are already distended before the collecting cuff is 
inflated ; conditions in the limb are already as shown late in phase 2 in Fig. 4. 
The pressure in the veins may therefore rise above the surrounding tissue 
pressure in the region of the collecting cuff very soon after the cuff is inflated. 
In other words, the collecting cuff may fail to occlude the veins completely, and 
the actual blood flow must then exceed the apparent flow by the amount of the 
venous leakage. Similar consideration may explain the apparently reduced 
blood flow in the finger observed by Yamada & Burton (1954) during exposure 
of the finger to subatmospheric pressure. Calorimetric observations made by 
one of us (A.D.M.G.), in association with Drs Shepherd and Whelan (Whelan, 
1951) in this department, support this interpretation of the observations. The 
heat release from the distal 2-8 cm of the index finger to water at 29-30° C was 
measured by the method of Greenfield & Shepherd (1950). The right arm was 
dependent throughout. The left arm was dependent for the initial and final 
periods of 10 min, but for a middle period of 10 min it was raised so that the 
finger in the calorimeter was 15 cm above the sternal angle. This was approxi- 
mately the posture in which Gaskell & Burton recorded the largest apparent 
inflow rate. The results on three subjects are shown in Table 2. There is no 


TABLE 2. Heat loss from left index finger as » percentage of heat loss from right index finger 


The average rate of heat loss from the right index finger in each 10 min period throughout these 
observations lay between 201 and 430 cal/100 ml./min. 


Period 1 Period 2 Period 3 

R Dependent R t R Dependent 

L Dependent L L Dependent 
J.T.S8. 111 91 85 
R.F.W. 106 110 107 
A.D.M.G 105 91 85 
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evidence that the rate of release of heat from the fingers of the slightly raised 
and fully dependent arms was appreciably different. Unless, therefore, the 
conditions for heat exchange are grossly different in the raised and dependent 
positions, there is no evidence for a reduced rate of flow in the dependent finger. 
It appears that the plethysmographic records from dependent digits are mis- 
leading; Greenfield & Shepherd (1950) reported similarly misleading curves 
obtained on fingers during cold vasodilatation. 

Another interpretation of Gaskell & Burton’s observations is possible. It 
may be that although the steady level of blood flow in the toes of a dependent 
leg is no less than in the toe of a horizontal or slightly raised leg, the actual 
flow as well as the apparent flow is reduced by vasoconstriction when the 
venous occlusion cuff is inflated. If so, the response may arise not from the 
veins but from the arterioles. If the veins are already distended, any inter- 
ference with venous outflow must quickly lead to a raised pressure in all the 
vessels, including the arterioles, back to the arteries. This may be the explana- 
tion of the fall in toe volume below the base-line level after release of the 
occluding cuff. This fall does not, of course, mean that the resistance vessels are 
constricted, although this would be one possible cause of such a fall. 

The apparently negative flows sometimes seen when the collecting cuff is 
inflated are difficult to explain. As there is no evidence in Gaskell & Burton’s 
records of an initial increase in digital volume, it is difficult to believe that this 
is a reflex effect initiated by distension of the veins. 


SUMMARY 


1. The apparent rate of inflow to the forearm, measured by the classical 
method of venous occlusion plethysmography, is almost unaltered in the 
presence of a venous back-pressure sufficient to increase the resting forearm 
volume by amounts up to 2%. 

2. There is no evidence that a veno-vasomotor reflex, or other similar 
mechanism, invalidates the measurements made under normal conditions by 
this method. 

3. A reinterpretation is suggested of evidence which has been held to sup- 
port the existence of a veno-vasomotor reflex in the toes and fingers. 


We wish to thank Dr J. T. Shepherd and Dr R. F. Whelan for help with the calorimetric 
observations, and Dr R. F. Whelan for help with the arterial and venous pressure measurements. 
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THE METABOLISM OF HISTAMINE AS REFLECTED BY 
CHANGES IN ITS URINARY EXCRETION IN THE RAT 


By C. W. M. WILSON* 
From the Department of Pharmacology, University of Edinburgh 
(Recewed 26 March 1954) 


It has been shown by several workers that bacteria are capable of producing 
histamine (Mellanby & Twort, 1912; Hanke & Koessler, 1924a). Hanke & 
Koessler (19246) have also shown that faeces from human beings and dogs 
contain histamine, and that bacteria isolated from the faeces can produce 
histamine when cultured on media containing appropriate compounds. 
Histamine is excreted in the urine both in the free and acetylated forms 
(Anrep, Ayadi, Barsoum, Smith & Talaat, 1944; Rosenthal & Tabor, 1948; 
Tabor & Mossetig, 1949; Roberts & Adam, 1950). Several attempts have been 
made to establish the site of acetylation. Millican, Rosenthal & Tabor (1949) 
state that it can occur in the liver. Urbach (1949) attributes it to bacterial 
activity in the intestine. It is, however, not clear how important the histamine 
produced in the alimentary canal is in the metabolism of the whole animal. 
The present experiments have been performed in order to investigate this 
point. Drugs which influence the numbers and types of bacteria in the 
alimentary canal were administered orally to rats, and their effects on the 
metabolism of histamine were observed by estimating the urinary excretion 
of histamine before, during and after their administration, and also by ex- 
tracting the histamine in the wall of the alimentary canal while the rats were 
receiving treatment. 


METHODS 


Animals and diet. Female albino rats aged 12-18 months and weighing 200-300 g were used. 
They were kept in metabolism cages and fed on a constant diet of crushed Aberdeen Rat Cake 
made up with gelatin and water. It was estimated that the rats received 340 ug histamine daily 
in this standard diet. 

Daily urinary collection and administration of drugs. Initially the rats were allowed 3 days in 
which to become accustomed to their cages. Thereafter the urine volume and normal urinary 
excretion of histamine per 24 hr was estimated for each rat. The rats were also trained to swallow 
the stomach tube. The drugs were administered by this method in 1 ml. water. The effects of 
chloramphenicol, aureomycin, phthalyl sulphathiazole and penicillin have been investigated. The 
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first three were given twice daily at 09.30 hr and 16.30 hr. Penicillin was given in the form of 
Dibencil (NW: N-dibenzylethylenediamine dipenicillin G) once daily at 09.30 hr. The doses used 
were all considerably below the toxic doses (Gruhzit, Fisken, Reutner & Martino, 1949; Harned, 
Cunningham, Clark, Cosgrove, Hine, McCauley, Stokey, Vessey, Yuda & SubbaRow 1948; Mattis, 
Benson & Koelle, 1944; Robinson, 1943). 

Biological assay of histamine in the urine. The urine was kept in the refrigerator and no pre- 
servative added (Alexander, 1944). The pH of the urine was adjusted to 7-5 and the volume 
measured. The solutions were then tested against a standard solution of histamine acid phosphate 
on a strip of guinea-pig’s ileum suspended in a 2 ml. bath of Tyrode’s solution containing atropine 
in a concentration of 10-’. The excretion of acetyl histamine was estimated by obtaining the 
difference between the total histamine after hydrolysis (Roberts & Adam, 1950) and the free 
histamine. 

The adsorption of urinary histamine on Amberlite. The histamine equivalent of the urine was 
estimated after adsorption on Amberlite I.R.C. 50. A column of the OH form of the resin 5 cm 
long and 1 cm in diameter was washed with distilled water until the pH was reduced to 7-4; 
40 ml. of 0-2m-NaH,PO, (pH 7-1) was then passed through, 10ml. at a time, at the rate of 1 ml./min. 
The pH of the eluate rose initially to 8-3, but during the third wash fell again to 7-4. The rate of 
flow was then reduced to 0-5 ml./min, and the solution containing the histamine was poured on to 
the column and washed through with five washes of distilled water. Elution was performed by 
passing 4 ml, of 2n-HCl followed by 10 ml. 0-01 N-HCl through the column, which reduced the 
pH to 2. The pH of the eluate was adjusted to 7-0 with 4x-NaOH. Its final volume was about 
16 ml. 

When the urine was passed through the column, it was diluted 1:3 in order to reduce the salt 
concentration to a level at which it would be unlikely to interfere with the adsorption of histamine. 
The eluate was finally diluted with Tyrode’s solution before being assayed. Four control experi- 
ments were performed in which 25 yg histamine was passed through the columns in 20 ml. of 
0-02m-NaH,PO,. The recoveries of histamine as estimated by assay were 25-6, 23-3, 24-4, and 
25-6 ug. 

Extraction of tissues for histamine. The alimentary canal was removed from the rats immediately 
after death, It was divided into fore-, mid-, and hind-gut from which the contents were removed, 
and the walls were washed with saline. The extraction procedure was then carried out as described 
by las, Feldberg, Paton & Schachter (1951) for the dog’s gut. The extracts were boiled with 
strong HCl for 1 hr to destroy substances interfering with the assay. 

All the histamine values quoted are expressed in terms of the base. 


RESULTS 
Validity of 

(a). of than Various tests were per- 
formed in.order to confirm that the active substance assayed in the urine was, 
in fact, \histamine. 

Addition of the urine diluted 1:25 to the bath containing the guinea-pig 
ileum produced a contraction exactly similar to that produced by the standard 
histamine solution. Addition of atropine sulphate to the Tyrode’s solution in 
the bath, to give a concentration of 10-’, did not affect the size or quality of 
the contraction produced by the addition of the diluted urine.. Contraction 
of the ileum was abolished by mepyramine and the responses to the diluted 
urine and to an equipotent dose of histamine standard solution returned at 
the same rate. This was also found to be the case with hydrolysed urine. A 
comparison between direct estimates of the histamine equivalent of rat’s urine 
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and estimates obtained after adsorption on Amberlite is shown in Table 1. 
There was no significant difference between the results obtained by these two 
methods. The results in themselves do not prove that the active substance in 
the urine was histamine, but they do show that it resembled histamine in the 
fact that it was adsorbed at pH 7-4 and eluted at pH 2-0. This at least suggests 
that it was an organic base. 


Tas.z 1. Comparison of the values for histamine excretion obtained by direct assay of the urine 
and assay following adsorption of histamine on columns of I.R.C. 50 


Histamine excretion 
( hr) 
“Assay after 
Rat adsorption Direct assay 
1 64 65 
2 159 156 
3 182 195 


(b) Interference with assay by excreted drugs. Douglas et al. (1951) consider 
that histamine itself is responsible for the histamine-like effects on the 
guinea-pig’s ileum of extracts of the alimentary canal. Mepyramine completely 
abolished the response of the guinea-pig’s ileum to the extracts of the canal. 
The sensitivity of the response of the guinea-pig’s ileum was not affected by 
the presence of the drugs in the concentrations in which they are reported to 
be excreted in rat’s urine after oral administration (Glazko, Wolf, Dill & 
Bratton, 1949; Harned et al. 1948; Mattis et al. 1944). 

The effect of chloramphenicol on the excretion of free histamine. All the experi- 
ments, unless otherwise stated, were performed on groups of three rats. In 
order to make the results from different rats and different experiments com- 
parable, the mean excretion of histamine from the rats in each collection 
period has been expressed as a percentage of the normal excretion. 
Chloramphenicol was administered twice daily in a dose of 16 mg. The 
individual histamine excretion rates for three rats and the mean of these 
values are shown in Fig. 1. The degree of variation between the animals was 
similar in all the other experiments; the changes in the excretion always 
occurred at the same time in the different animals, and changed in the same 
direction. In this experiment, in spite of continued administration of the drug, 
the excretion began to return to normal after the third day. Therefore, in the 
following experiments, administration of the drugs was continued only for 
4 days. 

A comparison of the effects of two different doses of chloramphenicol is 
_ shown in Fig. 2. There is no significant difference between the effects of these 
two doses during the 3 days of minimum excretion of histamine. Four-hourly 
determination of the urinary histamine excretion showed a diurnal variation, 
with a maximum just before midnight and in the early hours of the morning, 
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24 hr collection periods 


Fig. 1. Effect of oral administration of chloramphenicol on the urinary excretion of histamine. 
Chloramphenicol was given at the times shown by the arrows in a dose of 16 mg. The mean 
excretion from three rate is shown by the thick line. The values for the excretion from the 
individual rats are shown in the other tracings. 
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Fig. 2. Effects on the urinary excretion of histamine following the administration of different 
doses of chloramphenicol. Chloramphenicol was given at the times shown by the arrows. 
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and a minimum 12 hr later. During and following the administration of 
chloramphenicol, the daily cycle of histamine excretion retained its normal 
form, though at a lower level than normal. The effect of chloramphenicol on 
the excretion of histamine appeared 12 hr after the first dose had been given, 
and it first returned to a normal value again 48 hr after the last administration 
of the drug. 

The excretion of conjugated histamine in the urine. The normal urinary 
excretion of conjugated histamine was 0-068 + 0-011 wg/g/24 hr. This value 
is small compared with that for free histamine, namely 0-450 + 0-013 ug/ 
g/24 hr. Schayer (1952) also considered that acetylation plays a minor role 
in the inactivation of histamine in the rat. The’excretion of conjugated hista- 
mine is too small to allow the measurement of any reduction due to the 
administration of drugs; therefore, the excretion of conjugated histamine was 
increased by the oral administration of free histamine to the rats before, 
during, and after the administration of chloramphenicol. 

The effects of the oral and parenteral administration of 10 mg of histamine 
base have been compared in two groups of rats. In both groups the histamine 
caused toxic effects 1-2 hr after it had been given. These disappeared 2-3 hr 
later. After oral administration the excretion of both forms of histamine 
increased; but after subcutaneous injection the excretion of the free form 
alone was increased (Table 2). Of the histamine given orally, 8°, was recovered 
in the urine—5-6% as free, and 2-4°% as conjugated histamine. After sub- 
cutaneous injection 23% of the dose was excreted as free histamine. The 
absence of the excretion of any conjugated histamine in the urine after 
parenteral injection suggests that conjugation occurs in the alimentary canal. 
Anrep et al. (1944) and Urbach (1949) have also shown that oral administra- 
tion of histamine causes an increase in the urinary excretion of conjugated 
histamine. 


Tasiz 2. Mean urinary histamine excretion in three rats 


Histamine excretion ( ug/24 hr) 
Mode of A ~ 
administration... Stomach tube Subcutaneous injection 
Day Free Conjugated Free Conjugated 

1 63 13 _ 5 

2 73 12 101 5 

3 88 15 83 17 

4* 755 187 2477 0 

5* 665 361 2682 0 

6* 206 2183 0 

7* 610 245 2231 0 

8 144 15 137 2 

9 102 11 134 13 

10 84 25 141 0 

11 112 0 


° 10 mg of histamine base was given at 09.30 hr on days 4, 5, 6 and 7. 
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The effect of chloramphenicol, given while histamine was also being 
administered orally, on the excretion of conjugated histamine is shown in 
Fig. 3. The increase in the excretion of histamine seen during the control 
period was arrested, and it reappeared only after the chloramphenicol had 
been stopped. 
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Fig. 3. Effect of chloramphenicol on the excretion of conjugated histamine in the urine. Through- 
out the experiment 10 mg of histamine was administered by stomach-tube at the beginning 
of each collection period. Chloramphenicol was given in doses of 48 mg at the times shown 
by the arrows. 


The effects of other drugs on the histamine excretion. Penicillin, aureomycin 
and phthalyl sulphathiazole all diminished the urinary excretion of free 


histamine in the same way as chloramphenicol. They were given in the following 
doses: 


‘Chloramphenicol . 16 mg) All 

Aureomycin 16 ne| twice 
Phthalyl sulphathiazole 125 mg} daily 
Penicillin 31,000 units daily 


During the 4 days of the administration of the drugs, there were no significant 
differences between the histamine excreted by the different groups of rats 
(Fig. 4). The minimum value which has ever been obtained was with chloram- 
phenicol on the third day, when the excretion was 45% of normal. 
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The effect of chloramphenicol on the tissue content of histamine. The histamine 
concentration in the wall of the alimentary canal was estimated in fournormal 
rats, and in four rats which had received 16 mg of a suspension of chloram- 
phenicol twice daily for 3 days. The rats were killed on the morning of the 
fourth day. Chloramphenicol had no significant effect on the concentration 
of histamine in the walls of the stomach or large intestine, but it significantly 
reduced the mean concentration in the wall of the small intestine (Table 3). 
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Fig. 4. Effects of aureomycin, chloramphenicol, penicillin, and phthalyl sulphathiazole on the 
excretion of histamine in the urine. For doses see text. The drugs were given daily by 
stomach tube, at the times shown by the arrows; penicillin was given only at the times shown 
by the longer arrows. Values showing the effect of phthalyl sulphathiazole were obtained 
from two rats. All the other values were obtained from three rats. 


TaBLE 3. Histamine content of the wall of the alimentary canal of 


control rats and chi phenicol-treated rats 
Histamine in pg/g fresh tissue 
Control rats Ch ph sate 
Stomach intestine intestine Stomach intestine intestine 

48 23 22 4a 6 14 

39 10 18 63 6 16 

41 10 13 44 4 16 

50 13 23 44 4 13 

Mean 45 14 19 49 5 15 


The transit of drugs through the alimentary canal. It is important to know 
whether the drugs have begun to affect the bacteria in the lower part of the 
small intestine and the large intestine at the time when changes in the urinary 
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excretion of histamine occur. Powdered charcoal was found irregularly 
scattered along the whole length of the jejunum, thickly concentrated in the 
ileum and caecum, and in formed stools in the lower part of the colon, 8 hr 
after its oral administration to rats. Thus, any drug which has been given orally 
and which is not absorbed in the upper part of the alimentary canal may be 
expected to reach the descending colon and to affect the flora there after 8 hr. 
It is known that chloramphenicol is, in fact, absorbed from the upper part of 
the alimentary canal and then excreted rapidly in the bile in man and the rat 
(Glazko et al. 1949). It may therefore be assumed that the drugs were affecting 
the flora of the small and large intestines by the time that an effect on the 
excretion of histamine in the urine was manifest. 


DISCUSSION 

These experiments make it clear that a number of drugs differing widely from 
each other in chemical structure, but having in common the capacity to reduce 
the intestinal flora, reduce the urinary excretion of free histamine in the rat. 
Chloramphenicol affected the excretion of conjugated histamine in a similar 
way. The observed effect of these drugs might be produced by their interference 
with the normal metabolism of histamine in the tissues of the rats, or by their 
action on the histamine-producing organisms in the lumen of the alimentary 
canal. 

The drugs have no known effect on tissue metabolism in the dosages used in 
these experiments, and toxic effects do not occur unless much larger doses 
are given parenterally. In incubation experiments on minced rabbit’s kidney, 
aureomycin, chloramphenicol and phthalyl sulphathiazole did not influence 
the metabolic activity of histidine decarboxylase (N. G. Waton, unpublished 
experiment). It is therefore considered unlikely that the observed effects on 
the urinary excretion of histamine produced by the antibiotics were caused by 
any effects on the metabolism of the tissues of the rat. 

The explanation of the observed effects in relation to changes in the bacterial 
flora remains. It is known that the intestinal flora include organisms which are 
capable of producing free and conjugated forms of histamine (Hanke & 
Koessler, 1924a, 6; Urbach, 1949). The effect of the drugs administered in the 
present experiments on such flora might account for the changes in the excretion 
of histamine. Penicillin (Guzman-Garcia, Sarles & Baumann, 1953), aureomycin 
(Peterson, Dick & Johansson, 1953), and phthalyl sulphathiazole (Miller, 
1945; Gant, Ransone, McCoy & Elvehjem, 1943) have been shown to reduce 
the counts and influence the types of bacteria present in the alimentary canal 
of rats. Metzger, Wright, Morton, DiLorenzo & Marmell (1952) have made 
similar observations in man. There is little direct evidence that the organisms 
affected are, in fact, those responsible for histamine production, but Metzger 
et al. (1952) have shown that the administration of aureomycin does not 
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eliminate the organisms from the stools, but considerably reduces the numbers 
of coliforms, yeasts and anaerobes, amongst which Hanke & Koessler (19242) 
have shown there are histamine-forming bacilli. The drugs exert pronounced 
effects in the distal part of the small intestine, whence it has been shown that 
the absorption of histamine occurs in the dog (Meakins & Harington, 1922). 
Anrep, Barsoum & Talaat (1953) have also shown that histamine is con- 
tinuously released under normal conditions into the blood passing from the 
intestinal tract into the portal vein. 

The time relationships of the effects of these drugs on the intestinal flora 
are closely correlated with the times that the histamine excretion showed 
fluctuations. Metzger et al. (1952) showed that during 8 days of administra- 
tion of aureomycin, the bacterial count diminished during the first 4 days, 
and on the seventh and eighth days an increase of coliforms occurred in con- 
junction with a decrease in the sensitivity of the organisms to aureomycin. 
If administration was stopped after 2 or 3 days, when the count had fallen 
considerably, it reverted to its original level, and by the third post-admini- 
strative day it might rise to 7 times the pre-administrative level. They report 
that a similar relationship occurs with chloramphenicol. Similar observations 
have been made on the effect of phthalyl sulphathiazole (Gant et al. 1943) and 
penicillin (Guzman-Garcia et al. 1953). 

It is probable that the drugs were present and exerting their effects on the 
flora of the lumen of the lower part of the ileum for at least 2 hr by the time 
that any effect had been observed in the urinary histamine excretion. Any 
changes in the production of histamine within the lumen of the alimentary 
canal-would quickly be reflected in the urinary excretion of histamine since it 
has been shown in mice that histamine is rapidly excreted in the urine following 
its absorption from the alimentary canal (Alexander, 1944). The doses of the 
drugs used in these experiments had a maximal effect on the bacterial flora of 
the alimentary canal. Increasing the dose of chloramphenicol, therefore, 
would not be expected to have any greater effect. It is suggested that the 
diminished concentration of histamine in the wall of the small intestine 
following the administration of chloramphenicol was due to a decrease in the 
production of histamine by the surviving bacteria in the intestine, with conse- 
quent diminished absorption from the lumen of the canal. It is also suggested 
that this may account for the reduction in the excretion of histamine in the 
urine. The bacterial count within the lumen of the intestine rises considerably 
after administration of the drugs (Metzger et al. 1952). This may account for 
the increased excretion of histamine in the urine which occurred at the same 
time. 

The differences in the excretion of conjugated histamine following oral and 
parenteral administration of histamine to the rats support a similar observation 
by Adam (1950) in experiments in man. Urbach (1949) suggested that the 
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conjugation of histamine occurs in the intestinal lumen as a result of the 
activity of the intestinal bacteria. It is then absorbed through the wall and 
excreted in the urine. Emmelin (1951) has shown that conjugation does not 
occur in the kidney of the cat. Millican et al. (1949) suggest that some con-— 
jugation occurs in the liver, as a result of observations on the pigeon liver in 
vitro. The present experiments do not exclude this possibility, but they strongly 
support the suggestion of Urbach that conjugation occurs in the intestinal 
lumen as a result of the activity of the micro-organisms, and make it clear that 
this function occurs under ordinary conditions in the normal animal. Thus, 
it may be concluded that both free and conjugated urinary histamine are 
derived from bacterial activity in the lumen of the animal’s intestine as well 
as by the animal’s own metabolic activity. | 

Anrep et al. (1944) observed that if the diet of dogs was changed from « one of 
carbohydrate to one of meat, there was an increase in the urinary excretion of 
histamine. This increase could not wholly be accounted for by the histamine 
contained in the meat. Torrey (1918), however, had earlier shown that changes 
in the diet of the dog from one consisting of a balanced ratio of carbohydrate, 
fat and protein, to-one high in protein and containing no carbohydrate, caused 
considerable qualitative and quantitative changes in the bacterial flora of 
the intestines. It is possible that the changes in the bacterial medium of 
the alimentary canal occasioned by the change of diet, might stimulate the 
histamine-producing power of the bacterial population of the intestine. This 
suggestion is supported by the fact that the change in the excretion of hista- 
mine did not begin until 8 hr after the administration of the meat, and reached 
& maximum in 14 hr. These changes in the excretion occurred at similar times 
to the changes in the excretion of histamine by the rats following the admini- 
stration of the drugs. It is possible that increased bacterial formation of 
histamine after the administration of the meat might explain the origin of the 
increase in the urinary excretion of histamine for which Anrep e¢ al. could not 
account. 

The present experiments suggest that histamine in both the free and con- 
jugated forms was absorbed through the intestinal wall in normal animals. 
These findings therefore suggest that the effect of the alimentary canal on the 
metabolism of histamine is to increase the quantity of histamine in the body. 
This might seem incompatible with the conclusion of Smith (1953) that 
histamine is excreted into the alimentary canal. His conclusion was based on 
experiments in which compound 48/80 was injected into anaesthetized cats. 
Freely diffusible histamine under these conditions was presumably present in 
abnormally high concentration in the intestinal mucosa. The experiments 
recorded above involved comparatively little interference with the animals, 
and are thought to portray histamine metabolism under normal conditions. 
These experiments do not exclude the possibility that histamine may be 
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excreted through the gastric wall, later to be absorbed in the intestine, or that 
histamine may be inactivated in the intestinal wall as suggested by Emmelin 
(1951). Nor do they exclude the possibility that some excretion may occur 
through the intestinal wall when the concentration of histamine in the tissues 


is high. 
SUMMARY 

1. The daily urinary excretion of histamine has been measured in rats, and 
the effects on this excretion of the oral administration of four drugs affecting 
the alimentary bacteria have been observed. 

2. Chloramphenicol administered for 4 days in succession caused a decrease 
in the excretion of free histamine to a value of 45% of normal on the third day 
of administration. The excretion gradually returned towards the control value 
which it finally exceeded before returning to normal. Increasing the dose did 
not reduce the excretion any further. Daily administration for 9 days caused 
a decrease in the excretion which gradually returned to normal in spite of the 
continued administration. 

3. Four-hourly measurement showed that the decrease in histamine excre- 
tion began about 12 hr after the first dose of chloramphenicol had been given. 

4. Chloramphenicol reduced the excretion of conjugated histamine in the 
same way as free histamine. 

5. Chloramphenicol significantly reduced the histamine content of the wall 
of the small intestine. 

6. Aureomycin, phthalyl sulphathiazole and penicillin produced effects like 
that of chloramphenicol on the urinary excretion of free histamine. 

7. The changes in the urinary histamine excretion have been compared with 
changes reported to be produced by the antibiotics in the bacterial flora of the 
intestine. It is suggested that under physiological conditions, in the normal 
rat, about half of the histamine excreted in the free and conjugated forms is 
produced as a result of bacterial activity within the lumen of the intestine, 
whence it is absorbed, ultimately, to be excreted in the urine. 
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THE MEMBRANE CHANGE PRODUCED BY THE 
NEUROMUSCULAR TRANSMITTER 


By J. pet CASTILLO anv B. KATZ 
From the Department of Biophysics, University College London 


(Received 30 March 1954) 


Until recently, it was generally believed that the action potential which a 
nerve impulse sets up in a muscle fibre is identical with that produced by direct 
stimulation. Recent work has shown that this is only true if the impulse is 
recorded at a point remote from the neuromuscular junction. At the end- 
plate itself, the amplitude of the spike initiated by the synaptic transmitter is 
smaller than that due to a direct electric stimulus (Fatt & Katz, 1951, 1952<a, b; 
Nastuk, 1953). To explain this and other differences Fatt & Katz (1951) 
suggested that the chemical transmitter, acetylcholine (ACh), ‘short-circuits’ 
the end-plate membrane, i.e. produces a large increase of permeability to all 
ions, in contrast with the selective change of sodium permeability which 
occurs during electric excitation (Hodgkin, 1951). The action potential at the 
end-plate region would be smaller than elsewhere because a local short-circuit 
would merely reduce, and not reverse, the resting potential. But the change 


of membrane conductance (i.e. of total ion permeability) would be greater at | 


the end-plate than at other parts of the fibre surface. The end-plate would 
thus become a focus of depolarization leading to a rapid discharge of adjacent 
parts of the fibre membrane and starting off a new wave of electric excitation. 

The short-circuit hypothesis is not the only way in which the features of 
the junctional electric response might be explained. An alternative mechanism 
has recently been proposed by Nastuk (1953), who suggests that ACh increases 
the end-plate permeability to sodium alone, but that the process becomes in- 
effective when the membrane potential reverses. Nastuk points out that this 
hypothesis would also explain a reduction of the spike potential but, in con- 
trast to the short-circuit theory, it requires that the membrane resistance 
should be higher during the crest of the reduced spike than during normal 
electric activity. Measurements of the membrane resistance should therefore 
decide between these alternative suggestions, and experiments of this kind 
will be reported in the later part of this paper. 
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The initial object of the present work was to find the ‘equilibrium level’ 
towards which the membrane potential is shifted by the neuromuscular 
transmitter. Previous experiments indicated that the equilibrium potential 
of the active end-plate is well below that of the active muscle fibre and probably 
somewhere near zero membrane potential (Fatt & Katz, 1951, p. 356). If the 
reaction between ACh and the receptor molecules produces a true short- 
circuit, then the end-plate membrane would cease to act as a selective ion 
barrier, and the potential across it would decline, not immediately to zero, 
but towards a finite low level set by the free diffusion of ions across the end- 
plate surface. No direct measurements of this diffusion potential are available, 
but Nastuk & Hodgkin’s (1950) observations indicate that the liquid junction 
potential between isotonic KCl and myoplasm is about 10 mV, and calculations 
based on either Henderson’s (1907) or Goldman’s (1943) treatment suggest 
that the p.d. between Ringer and myoplasm would amount to 15-20 mV, 
the direction being the same as that of the resting potential. 

Hence, if the short-circuit theory is correct, one would expect the end-plate 
potential (e.p.p.) to vanish if the resting membrane potential is lowered to 
about 15-20 mV, and to reverse in sign if the membrane potential is displaced 
beyond this pomt. To determine the reversal point experimentally, the fol- 
lowing procedure was used. A recording electrode was inserted into a muscle 
fibre at the myoneural junction and a stimulus applied to the nerve-free end 
of the fibre. In addition an impulse was set up in the nerve so that its arrival 
at the end-plate followed, or coincided with, that of the directly excited 
muscle spike. In this way the neuromuscular transmitter could be released at 
different moments, and different levels, of the action potential, above or below 
the suspected equilibrium position of the e.p.p. If the instant of release occurs 
below this level, we expect to find an e.p.p. which adds to the action potential ; 
if the release occurs above this level, the e.p. P. should reverse and subtract 
from the potential wave. 

METHODS 


The method of intracellular recording at individual myoneural junctions has been described in 
detail by Fatt & Katz (1951). Frog’s nerve-sartorius preparations were used, end-plates being 
located by a preliminary recording of e.p.p.’s in curarized muscle. After removal of the drug, the 
muscle was soaked in a Ringer solution of high calcium content (usually 5-4 mm) to boost the 
size of the e.p.p. (Fatt & Katz, 1952c; Castillo & Stark, 1952). 

The earlier recording technique was somewhat improved by shortening the connexions of the 
microelectrode, and in some experiments the input capacity was further reduced by enveloping 
the shaft of the electrode with a cathode-connected shield. During the experiment, a check was 
kept on the electrode resistance by observing the distortion of a voltage square-pulse applied to 
the Ringer bath, and when necessary the microelectrode was replaced. The following modifications 
of the previously described technique were used: 

(a) Interaction of direct and nerve stimulation. In these experiments it was essential to compare 
the action potential set up by direct stimulation alone (M spike) with one in which an e.p.p. was 
superimposed (MN potential). The aim was to obtain several records from the same end-plate, 
showing action potentials at different MN intervals as well as the M spike and the response to 
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a nerve impulse (N spike) alone. There were few experiments in which a long series could be 
obtained (as in Fig. 2 below); usually, after three or four twitches resting and action potentials 
of the fibre had declined to a level at which it was useless to continue. Nevertheless, in many 
cases valid records were obtained for the analysis of at least one MN potential, and more complete 
information covering a range of intervals could be collected from different fibres. 

Besides the usual difficulties encountered in recording intracellularly from twitching muscle, 
a source of special irritation was our inability to pre-set the MN interval precisely. This was due to 
the fact that the time of arrival of the M spike at the junction varied from one record to the next, 
usually becoming earlier as the resting potential diminished. Two alternative methods of direct 
stimulation were available: by inserting an lectrode into the fibre, it could be stimulated 
selectively. This has some advantage because the single-fibre contraction following the M spike 
is very weak, but this is outweighed by the necessity of manipulating two internal electrodes and 
thereby increasing the risk of mechanical damage during the strong MN response (of the whole 
muscle), We preferred therefore to use only one microelectrode, for internal recording, and 
stimulate the muscle with surface electrodes at the pelvic end. The bath was divided into two 
compartments with the nerve-free end of the muscle passing through a communicating channel. 
A short pulse was applied to platinum electrodes on either side of the channel. Before inserting 
the recording electrode, its tip was brought close to the surface of the selected junction. External 
action potentials were observed on the oscilloscope, and the timing of M and N stimuli was 
adjusted to give approximately the required interval. This was repeated sufficiently often and 
in a large enough number of experiments to provide an adequate assortment of MN records. 

(b) Resistance changes during end-plate activity. These experiments were based on the method 
used by Fatt & Katz (1951, p. 353). It consists in measuring the ‘extrinsic’ potential change 
which is produced inside the muscle fibre when a known direct current passes through the mem- 
brane. The current was applied through a second intracellular electrode inserted in the same fibre 
at a small distance, 50, or less, from the recording electrode. 

In the steady-state condition (and disregarding the special case of the end-plate), the ‘extrinsic’ 
p-d. V, at the point of application, is related to the applied current J as V =I/g, where 
9g =2// (Tm%s)> Tm being transverse resistance of fibre membrane x unit length and r, internal 
longitudinal resistance per unit length of fibre. In previous experiments (Fatt & Katz, 1951), 
V was measured, either in the resting muscle fibre, or as the additional p.d. produced by a current 
during the peak and falling phase of the action potential. It was shown that V falls during the 
muscle spike to a small fraction of the resting value, an effect which is due to a large increase of 
membrane conductance. In the present experiments, the added potential V is measured when 
a given current J passes through the junctional region of the fibre membrane, and a spike has been 
set up by nerve or by direct stimulation. If the nerve-muscle transmitter produces an extra 
short-circuit, of leakage resistance R, then the extrinsic p.d. should be further reduced, for 
V’ =I/g’, where g’ =2/+/ (r,,7;) + 1/R. The argument will only be used in a qualitative way, because 
during the action potential the values of r,, and R are changing with time. A steady-state condi- 
tion is therefore not attained, though it is approached fairly closely because of the short time 
constant of the active membrane (Fatt & Katz, 1951, p. 356). 

The technical difficulties in obtaining an adequate set of records were even greater for this 
type of experiment than for the previous one. It was necessary to record at least four action 
potentials from the same end-plate: a pair of M spikes with and without superimposed extrinsic 
potential and a corresponding pair of N spikes. After various trials, the following procedure was 
adopted. The microelectrodes were inserted into the fibre and two M spikes were recorded, the 
second internal electrode being used to stimulate as well as to produce the extrinsic potential 
(see Fatt & Katz, 1951, p. 353). Record (i) was obtained with a short outward pulse of current, 
terminating during the rising phase of the spike. For record (ii) the current pulse was increased 
in duration, and often also in strength, so as to build up a conveniently large extrinsic p.d. during 
and after the spike, These two records could generally be made without serious damage, for the 
selected fibre alone contracted and its movement was reduced by fixation of the ends of the 
muscle. Record (iii) was an N spike which gave rise to the full twitch tension. Before this 
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record was taken the current-delivering electrode was withdrawn from the fibre, for in our ex- 
perience the risk of damage during the twitch was much reduced when only one microelectrode 
was inside the muscle fibre. If the fibre had survived all this and its resting potential was still 
good, record (iv) was made after re-insertion of the second electrode, and now an extrinsic potential 
was superimposed on the WN spike. The time interval between nerve stimulus and direct current 
pulse had been adjusted during the preliminary exploration of the curarized muscle so that the 
d.c, pulse started at about the same moment as, or during the rising phase of, the e.p.p. Having 
obtained this set of four records, the experiment was continued by repeating as many of them as 
possible. But the hazards of the experiment were such that only a very small proportion of the 
fibres survived the ‘first round’. 

The current J was registered on the second beam of the oscilloscope by recording the p.d. across 
a monitor resistance placed between bath and earth. Checks were made with the ‘J’ electrode 
outside and the ‘ V’ electrode inside the fibre to reveal any recording artifacts due to a potential 
drop in the bath or an unbalance in the ‘ V’ amplifier. 

Apart from the main difficulty, viz occurrence of mechanical damage before the necessary 
records had been taken, there was a source of error which seriously affected a small proportion of 
the experiments, Occasionally, large inconsistencies were found in successive records in the value 
of V/I, e.g. in one case after a preceding twitch the extrinsic p.d. was much reduced, although the 
current intensity was a little larger, and the size of resting and action potentials had remained 
unaltered. It is possible that this was due to imperfect retention of the current-supplying electrode 
in the fibre, with the result that part of the current by-passed the membrane during the second 
record. It is easy to reject records which show such obvious inconsistencies; the difficulty, 
however, was to decide whether less conspicuous changes may not have vitiated other experiments. 
It was particularly important to make certain that the comparison of the two extrinsic potentials 
added, respectively, to M and N spikes was valid and unaffected by such a ‘leakage-error’. As 
will be pointed out on p. 559 below, the only safe way of overcoming this difficulty was to assume 
that the membrane resistance reaches the same value during the late parts of the M and N 
potentials, so that any observed residual disparity of V/J may be taken as a measure of the 
‘leakage-error’ for which the earlier parts of the records should be corrected. In principle, this 
could have been checked by measuring the resting potential with the current-passing electrode, 
but in practice the switching of the internal electrode is apt to cause stimulation of the fibre 
by a.c, pick-up. 

RESULTS 
A. Interaction between transmitter and muscle spike 

In these experiments an action potential was set up in the muscle fibre at 
a distant point and allowed to travel to the junction; in addition a nerve 
impulse was timed to arrive at the junction during the passage of the muscle 
spike. Normally, the transmitter released by the nerve impulse gives rise to 
an e.p.p. from which a reduced muscle spike takes off. What happens when 
the transmitter is released during the peak of the electric response of the fibre 
membrane? Does it still produce its characteristic effect and cut down the 
amplitude of the action potential, or are the end-plate receptors preoccupied 
and made refractory by the electrical activity which has just reached the 
junctional region? 

The answer will be evident from Fig. 1: the immediate effect of the trans- 
mitter is to reduce the action potential which falls to a transient plateau some 
10 mV below the zero line. The initial deflexion which the nerve impulse has 
produced in this record is the opposite of the normal rise of the e.p.p. and it 


appears that the underlying ionic currents have reversed sign. 
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In Fig. 2 a series of responses are shown, all from the same end-plate, but 
at different MN intervals. Tracings of these records have been superimposed 
in Fig. 3 (cf. Castillo & Katz, 1954a). It is instructive to compare records 3, 4 
and 7 of Fig. 2. Record 3 shows M and N spikes side by side. It shows the 
characteristic differences between the two action potentials (large e.p.p. step 
during the rise and a ‘hump’ after the peak of the N-response) and confirms 
that the WN response fails to reach the peak amplitude of the M spike (Fatt & 
Katz, 1951: Nastuk, 1953). In record 4, M and N stimuli were combined, 
keeping the time interval the same as in 3, so that the é.p.p. would start 
shortly after the peak of the M spike. As in Fig. 1, the immediate effect of 
the transmitter is to produce a reversed deflexion, a fall instead of a rise of 
the internal potential. If we now delay the nerve impulse a little so that the 
response starts about half-way down on the falling phase of the M-spike 
(record 7), we obtain an e.p.p. of diminished size but normal direction. 


Fig. 1. Effect of the transmitter released during @ directly excited muscle action potential. 
Intracellular recording from end-plate of frog’s sartorius. Temp. 19° C. The larger of the two 
records is a simple M spike. Arrow indicates commencement of N response, just before the 
crest of the M spike. 


It appears that there is a reversal point of the e.p.p. somewhere between 
the two levels of membrane potential marked by the arrow in records 4 and 7. 
Intermediate MN intervals were examined in several other experiments, and 
one may summarize them by saying that there is a critical range between 0 and 
about 25 mV, negative inside, below which the ‘e.p.p.’ adds to, and above 
which it subtracts from the muscle spike. This range can be narrowed if we 
examine, not only the initial rate of the N response, but the maximum or the 
transient plateau which is attained some 0-5-1 msec later. Records 4 (or 9) 
and 7 in Fig. 2, and the superimposed tracings serve to illustrate this point. 
In records 4 and 9, the release of the transmitter causes the action potential 
to fall to a nearly horizontal level which it reaches after about 0-75 msec. This 
level is, approximately, at —10 mV in 9, and —17 mV in 4. In record 7, the 
é.p.p. rises and attains a maximum after about 0-7 msec, at a level of —19 mV. 
This result was confirmed in several other experiments: we were never able to 
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make the e.p.p. rise above a level of 10 to 20 mV below the zero line, and when 
it started at higher levels it produced a rapid fall of potential to a plateau some 
10 mV below the zero line. Presumably the ‘equilibrium level’ of the e.p.p., 
i.e. the final level towards which the transmitter moves the membrane potential, 
is somewhere between the levels which the e.p.p. attains from above or below. 


Some comments are required on the procedure which we used in measuring and superimposing 
the tracings of Mf and MWN responses (Fig. 3). In our best records when a MN potential was 


Fig. 2. A series of records from a single end-plate illustrating MN interaction at different intervals. 
M spikes in 1, 3 and 5; N spikes in 2 and 3. In all MN records, the commencement of the 
N response is shown by an arrow. Zero-potential lines are shown in all records except 8, in 
which the electrode resistance was excessive and the level uncertain. Time marks: milliseconds. 


compared with an immediately preceding or following M spike, there was no appreciable difference 
in resting or action potentials up to the moment of intervention of the N response. There was 
usually a small change in latency of the M spike which was compensated by shifting one record 
along the time base. If resting and action potentials had declined between the records, it was 
often still possible to use them, for the active-membrane potential is not immediately affected by 
a small depolarization of the fibre. When such records are superimposed it is often found that, 
in spite of a base-line discrepancy of 10-20 mV, the top halves of the spike potentials with which 
we were concerned still fit satisfactorily (see Fatt & Katz, 1951, p. 354). 


A limitation of the present analysis was that little can be said about the 
effect of the MN interaction during the steep part of the ascent of the spike. 
It was impossible to determine with any degree of assurance at what point of 
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the rising phase the e.p.p. began to reduce, instead of increase, the rate of the 
spike potential. It is clear, e.g. from record’ 6, Fig. 2 and from Fig. 3 B, that 
the transmitter does not prevent the increase of the spike potential above 
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Fig. 3. Superimposed tracings of the experiment of Fig. 2, showing the effect of the transmitter at 
various moments of the muscle spike. Arrows indicate beginning of N response. Record D is 
somewhat distorted and its resting potential uncertain, because of a faulty electrode insertion. 


the end-plate equilibrium level, though within a fraction of a millisecond 
it reduces and reverses the rate of ascent. A more precise analysis during the 
rising phase was prevented by inaccuracies of our recording technique. 
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The results of this section are summarized schematically in Fig. 4 in which 
a typical propagated action potential of the muscle fibre is shown exceeding 
the zero by about 35 mV. The equilibrium potential of the active end-plate 
is indicated by a horizontal bar cutting the M spike at —10 to —20 mV. The 
arrows indicate the direction of the potential change which follows the release 
of the nerve-muscle transmitter at different moments. During the early part 
of the rising phase, the e.p.p. adds to, and accelerates the rise of the spike 
(e.g. record 1, Fig. 2; see also Eccles, Katz & Kuffler, 1941; Kuffler, 19425). 
Similarly, during the later part of the falling phase the e.p.p. adds to the 
remainder of the action potential and, with increasing MN intervals, gradually 
grows in amplitude (cf. Eccles et al. 1941, p. 376; Kuffler, 1942a). During the 
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Fig. 4. Diagram illustrating the direction of the e.p.p. which the neuromuscular transmitter 
produces if it is released at different phases of the muscle spike. The arrows indicate the 
direction and relative magnitude of the potential change due to the release of the transmitter. 
The shaded band shows the approximate level at which a reversal of sign of the e.p.p. occurs. 


peak portion and throughout the phase of reversed membrane potential, the 
transmitter reduces the action potential, an effect not previously described 
though it was to be expected from the observations of Fatt & Katz (1951) and 
Nastuk (1953). 

The interpretation presented in Fig. 4 is tentative and can be challenged on 
several grounds. Although it appears that the reversal of the e.p.p., during 
the rise and fall of the action potential, depends simply on the position of the 
membrane potential, and is related to a unique, time-independent, level, this 
may be fortuitous. It is possible that the true relations are more complicated, 
but for the present our scheme can be put forward as a simple and adequate 
way of explaining the observed phenomena. 

It might be queried why the equilibrium level indicated in Fig. 4 is lower 
than the plateau or ‘hump’ in the N response itself which quite often occurs 
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several millivolts above the zero level (Fatt & Katz, 1951). This ‘hump’, 
however, is not a reliable index of the end-plate equilibrium potential, for its 
exact position is the resultant of two different modes of electric activity, viz 
e.p.p. and spike, and depends on the relative intensity of the two processes at 
that particular moment. In our experience, the position of the ‘hump’ varies 
with the intensity of the transmitter action; it is higher the lower the initial 
rate of the e.p.p. (i.e. the weaker the transmitter effect). This can be seen not 
only by comparing records from different junctions, but also quite clearly in 


a single fibre when the recording electrode is moved a fraction of a millimetre — 


away from the end-plate (see Fatt & Katz, 1951, fig. 21). We consider there- 
fore that the end-plate equilibrium potential is not reached during the ‘hump’ 
of the N response, and that the lowest position of the hump which can be 
registered (about —10 mV) represents the nearest approach to the equilibrium 
level. 

B. The membrane resistance during spike and e.p.p. 

The results of § A indicate that the end-plate potential reaches an equilibrium 
level at —10 to —20 mV. This is clearly compatible with the short-circuit 
hypothesis but does not exclude alternative suggestions such as that put 
forward by Nastuk (1953). Nastuk supposes that the end-plate receptors are 
specific ‘sodium-carrier’ molecules which may be activated either by direct 
electric stimulation or by combination with ACh. The sodium-carrying power 
of the receptors would depend on the level of the membrane potential and be 
modified by ACh in such a way that the receptors become effective at the 
normal resting potential but relatively ineffective when the membrane 
potential reverses. The reduction of the N spike is explained by inefficacy of the 
ACh-combined receptors to maintain a high Na-permeability of the membrane 
when the action potential crosses the ‘zero-line’. Against this hypothesis one 
might argue that mere failure of the end-plate receptors to contribute to the 
spike is unlikely to diminish its amplitude, for the myoneural junction occupies 
only a small part on the fibre surface, and a low conductivity of this spot, 
surrounded by active fibre membrane, would have little effect on the mem- 
brane potential. This kind of argument was taken further by Eccles (1953, 
pp. 78, 86) who pointed out that the ionic current observed during the e.p.p. 
requires a very large increase of conductivity at the end-plate, much greater 
than could be accounted for by the rise of sodium permeability found in the 
active fibre membrane. Eccles suggests that anything but a short-circuit of 
the kind postulated by Fatt & Katz (1951) would not provide an adequate 
explanation of the ¢.p.p. | 

This general argument, however plausible, is not decisive because it is based 
on the implicit assumption that the membrane area on which the chemical 
transmitter acts corresponds, at least approximately, to what we can see under 
the microscope. Although this is a reasonable assumption, it may yet be found 
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that the true contact area is much greater than the histological picture reveals, 
and the whole argument would then lose its force. 

A crucial test between ‘short-circuit’ and ‘modified sodium-carrier’ hypo- 
thesis requires a measurement of the changes in membrane resistance during 
M and N spikes, as has been pointed out by Nastuk (1953, p. 270). 

The method which we used for this purpose was described on p. 548. It 
depends on a comparison of four records obtained successively from a single 
end-plate and is illustrated in Fig. 5. Record (a) is a muscle spike (M) started 
by a brief direct-current pulse. Record (b) (M+ D.C.) was obtained by main- 
taining the current and superimposing a ‘catelectrotonic’ potential on the 
spike. Records (c) and (e) are N responses showing the usual properties (end- 
plate step, reduced peak and “hump’). Record (d)(N + D.C.) is an N spike with 
superimposed ‘catelectrotonic’ potential. The applied current strength was 
registered in the lower traces of records (a), (b) and (d). 

There are certain obvious differences between the electrotonic potentials 
added to M and WN spikes respectively. It is clear, for instance, that during the 
- peak portion of the action potential an applied current produces less addition 
to the N, than to the M spike. During the falling phase, the difference becomes 
less noticeable, In Figs. 6 and 7 other-experiments of this type are illustrated 
showing similar results. 

The change in the added ‘extrinsic potential’ can be appreciated better 
when tracings of spikes, with and without current, are superimposed. In Fig. 8 
experiments on two end-plates are illustrated in the upper and lower sets of 
tracings; on the left are M spikes, with and without electrotonic potential; on 
the right are corresponding N spikes. In superimposing these action potentials, 
a common time must be chosen at some point of the rising phase. We took, 
somewhat arbitrarily, the moment at which the spike crossed the zero line 
(which is nearly synchronous with the point of its maximum slope). Although 
this may not be strictly justified on theoretical grounds, we can see no im- 
portant practical objection to this procedure. The latitude of adjustment in the 
superposition of the two tracings is evidently very small (see also Fatt & Katz, 
1951, p. 354), and a slight temporal displacement of the rising phases would not 
seriously affect measurements of the added potentials during the peak and 
falling phase. The only region in which our method of superposition gives no 
valid answer is the steep part of the ascending phase, and this would in any 
case be difficult to analyse with the present technique. 

To evaluate the results, two methods were used. 

(a) The added potential was measured—with both, M and N, responses— 
at a fixed interval after the common zero-potential point. The most suitable 
interval was near the peak of the ‘ M + D.C.’ potential, when the added potential 
had reached a relatively large and easily measurable amplitude (cf. Fatt & 
Katz, 1951). In different experiments, this interval was between 0-6 and 
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1-2 msec after the ‘zero-point’. The same interval was chosen for the N and 
‘N+D.C.’ potentials where it generally coincided with the beginning of the 
flat portion following the peak of the N response. All measurements were 


Fig. 5. ‘End-plate resistance” durmg Mf and WN spikes, Pive successive records, from the same 
end-plate, of responses to direct (M) and nerve (N) stimuli. For further explanation see text. 
A zero-potential line is shown with each record. The square pulses under records a, b and d 
indicate intensity and duration of the applied outward currents, 


Fig. 6. Fig. 7. 
Figs. 6 and 7. End-plate resistance during M and N spikes. Two further examples of the 
same type of experiment as in Fig. 5. 
made within the region of reversed membrane potential, that is, well within 
the region in which the transmitter gives rise to a reversed end-plate current 
(section A). Method (a) was simple and fairly accurate because the action 
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potentials were compared at a time when their rates of change were small, 
and their differences in amplitude relatively large. 

(6) In order to avoid errors which might arise from the arbitrary choice of 
a single time interval, the mean addition was determined in several experi- 
ments during the phase of reversed membrane potential. The same period was 


M N 


msec 


Fig. 8. Superimposed tracings illustrating potential and resistance changes of the active end- 
plate during direct (M) and nerve (N) stimulation. A and B: records from different end- 
plates. The superimposed tracings show the additional potential due to an applied current 
pulse, registered in the lower part. Ordinary N spikes were recorded before and after adding 
a direct current pulse. : 


chosen for both M and N records: it started at the common ‘zero-point’ and 
extended over about 1-2 msec, the exact length being determined in each 
experiment by the duration of reversed potential of the N spike. 
Results obtained by the first method are shown in Table 1A. The size of 
the ‘extrinsic potential’ (mV) divided by the strength of the applied current 
(uA) gives an approximate measure of the momentary resistance (kQ) across 
the end-plate membrane. The mean value for the M spike was 2-2 times 


a 
10 

mV 
10 
mV 7 

; 


PI-OF8-Z 9F-0 F L-€ 000°Z1 JO 
61-0F 1% 62-0 F 000°6I 000°88 (‘as F) 
LZ 8-2 000°SI 000°98 +1 X 
61 LZ 000°FT 009*°LE x 
9-1 | 000‘0€ 009‘ IF XI 
N 0-€ 0006 000°T 
009‘LZ 000‘0F IA 
he Ll 000°ST 000‘9z AI 
12 000°LI 00098 
0-8 000‘LZ ell 
Q 000*Sz 000‘89 I 
1Z0F2% 000'TE ve 8L 000‘e¢ 6L | Surpsvostp) Zz 
92 
RQ (9x03 908) N/W (u) (Am) (A™) (Am) oprsyno snuru oprsut) 
= ‘Oa+t+N N (Au) (am) (Au) jo ‘oN 
euviqmiom 
Y 
omids 


perdde peppe jo some pemsvoul , , 


, 
4 
= 


END-PLATE ACTIVITY 559 


greater than for the corresponding instant of the N spike. This ratio remained 
unaltered when four suspect experiments were rejected (because of errors due 


to one of the following causes: leakage of polarizing electrode; uncertainty 
about level of zero potential; faulty localization of end-plate). 

The absolute values of the ‘end-plate resistance’, approximately 55,000 Q 
for M, and 30,000 Q for N, are not accurate and, therefore, of little interest. 
Their inaccuracy is due to the fact that they were measured during an 
unsteady state before the extrinsic potential had reached its full value. This 
does not, however, reduce the significance of the observed difference between 
the two values: one might expect the true difference, between the ‘equilibrated’ 
values, to be even greater, for the full development of the electrotonic potential 
would take somewhat longer during the less leaky state associated with the 
M spike. 


The value of 55,000 Q found here is high compared with the average of 21,000 Q observed during 
the falling phase of the M spike by Fatt & Katz (1951). The difference is largely due to the different 
moments of the spike at which the resistance was measured. The value obtained by Fatt & Katz 
was & minimum to which the resistance fell during the decline of the spike. In the present experi- 
ments an earlier interval was chosen, close to the transient maximum of the membrane resistance 
which occurs shortly after the peak of the M spike (cf. Fatt & Katz, 1951, fig. 27). 

Certain sources of error had to be considered which might influence or scatter the results. An 
error may arise from extracellular leakage of current at the tip of the current-passing lectrod 
as discussed on p. 549 above. A small leakage would be very difficult to check; it would result in 
an underestimate of the end-plate resistance which may be different each time the electrode is 
reinserted. Although this source of error could not be completely eliminated, it was important to 
remove any influence which it might have on the comparison of M and N. A fair way of doing 
this is to ignore any residual action of the transmitter at the end of the applied current pulse 
(about 5 msec after the start of the spike). We assume, in other words, that the membrane 
resistance has, by this time, reached the same value, independently of the initial differences 
occurring during the peak of M and N spikes. Any difference observed at the end of the pulse was 
ascribed to an error in the measurement of the applied membrane current, owing to the suspected 
extracellular leakage of the electrode. We have used the ‘terminal ratio’ of N and M resistances, 
at the end of the applied current, as a correction factor and recalculated the M/N ratio during the 
earlier phases of the response: e.g. if the observed N resistance at the end of the 5 msec pulse was 
10% less than the M resistance, we attributed this to an error and multiplied the observed 
M/N ratio by a factor of 0-9. The effect of this correction is shown in the last column of Table 1. 
We obtain a slightly lower mean ratio (2-0-2-1, instead of 2:2) and a more markedly reduced 
standard deviation. It is possible, therefore, that an error of this kind may have contributed to 
the random scatter of the results without, however, significantly biasing them. 

Another possible criticism concerns the sequence in which the records were usually made (i.e. 
M, M+D.C., N, N+D.C., etc., see p. 548). During « series of stimuli, deterioration occurs 
causing resting and action potentials to decline. In our best experiments the decay was negligible 
(Fig. 8), but the more usual effect can be appreciated from the average resting potentials in Table 1 
(M: 82mV; M+D.C.: 79mV; N: 78mV; N+D.C.: 74 mV). What probably happens is that 
with each twitch the leakage of the fibre membrane around the impaled electrodes becomes a little 
worse and shunts the resting e.m.f. more effectively. Does this progressive change invalidate the 
comparison of M and N in our average results? 

Suppose the e.m.f. of the resting membrane is 90 mV, the resistance across it 200,000 Q (Fatt & 
Katz, 1951; see also the circuit diagrams in Fatt & Katz, 1952a, fig. 10 and Eccles, 1953, fig. 26), 
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and the diffusion potential across a ‘short-circuited’ membrane 15 mV. Then a reduction of the 
resting potential to 79 mV (M + D.C.) would be equivalent to a shunting of the membrane with 
a local leak of 200,000 x (79 - 15)/(90-79) = 1-16 MQ. A reduction to 74 mV (N + D.0.) could be 
attributed to a shunt of 0-74 MQ. Our measured values (55,000 and 31,000 2 during M and N 
spikes respectively) include these leakage artifacts (viz. 1-17 and 0-74 MQ respectively). In the 
absence of such shunting, the end-plate resistances would increase to 57,700 and 32,400 , for 
M and N respectively, retaining the same ratio. This is a simplified argument, but it suggests 
that little importance need be attached to the decline of the resting potential in these experiments. 

In eleven experiments method (b) was used, the resistance across the end- 
plate being averaged over a period of about 1-2 msec during the peak of the 
spike. The results are listed in Table 1B which shows the observed ratio of 
M|N resistances, also the effect of the correction for suspected leakage current 
discussed on p. 559. The four most satisfactory experiments in which there 
was little or no decline of the resting potential are marked with asterisks, and 
their mean ratio is shown separately at the end of the table. It was reassuring 
to find that the M/N ratio was well above the average in these four selected 
experiments. 

Among the other experiments there were a few which gave inconclusive 
results, the ratio of M/N resistances being near unity. The validity of these 
experiments was questionable but their rejection made little difference to the 
mean result (see p. 559). A point of interest was that, while some experiments 
were inconclusive, none of them supported the alternative theory according to 
which the M/N ratio should be less than unity above, and greater than unity 
below the zero-potential line. In those cases where the ratio did not signi- 
ficantly differ from unity at the peak of the spike, it either remained at that 
level or diminished during the falling phase. 

The results of these experiments show that the release of the transmitter 
causes not only a reduction in the peak amplitude of the spike, but a simul- 
taneous increase of membrane conductance, a conclusion which agrees with 
the short-circuit hypothesis, but not with the alternative mechanism proposed 
by Nastuk (1953). 

C. Other experiments 

In order to check the conclusions arrived at in §A, various attempts were 
made to discover whether, in the absence of a spike, an e.p.p. can be driven 
beyond the zero-potential line. We tried to superimpose the e.p.p. on a mem- 
brane which was kept depolarized by the passage of a strong and prolonged 
outward current, but the experiment was abandoned because such currents 
produced contracture and rapid injury. 

We then tried to raise the level of the ‘pure’ e.p.p. by pharmacological 
means and by repetitive stimulation. One way of doing this is to block trans- 
mission by an excess of both calcium and magnesium ions which lowers the 
excitability of the muscle fibre and so reveals large e.p.p.’s without interven- 
tion of spikes. With a solution containing 20 mm-Mg and 7-2 mm-Ca (replacing 
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about 30% of the normally used NaCl concentration), ‘pure’ e.p.p.’s of up to 
60 mV amplitude were recorded in fibres whose resting potential was 90 mV. 
Two nerve impulses at an interval of 3-4 msec set up a muscle spike in some 
fibres when the amplitude of the e.p.p. exceeded 60 mV. The second e.p.p. was 
smaller than the first and added relatively little (Fig. 9). This contrasts with 
the well-known facilitation observed at lower peak levels of the e.p.p. (Eccles 
et al. 1941; Castillo & Katz, 19545) and indicates that the e.p.p. in the 


present experiments is approaching a ‘ceiling’. 


Fig. 9. End-plate potentials from muscle fibres treated with excess calcium and magnesium. 
Double nerve impulses in all records except in C2. A: e.p.p.’s at varying short intervals. 
B and C: e.p.p.’s and spikes. Zero-potential lines are shown in B and (1. (2 shows single 
e.p.p. followed by a delayed spike (propagated from a remote junction). 


Results of greater significance were obtained when the response to two nerve. 
impulses was recorded in normal muscle (Fig. 10). The earliest change in the 
action potential, brought about by N,, was a second hump at a level slightly 
below the zero line (mean level in seven experiments: —14 mV, s.z. + 1-4 mV). 
When the experiment was repeated on a prostigmine-treated muscle, the 
hump lengthened to a plateau whose highest observed level was at —18 mV 
(Fig. 11). Additional repetitive nerve impulses did not raise the level of the 
e.p.p. further (cf. Fig. 11), but the records are difficult to interpret after the 
first 5-10 msec because of complication by movement artifacts. 

To summarize, our attempts to ‘drive’ the e.p.p. beyond the equilibrium 
level indicated by the experiments of §A failed, and the present results still 
remain well within the limits set by the short-circuit theory. 


DISCUSSION 

The main result of this paper is that the neuromuscular transmitter reduces 

the resistance as well as the potential of the active fibre membrane. The effect 

of the transmitter is to lower the membrane potential towards a level of 

10-20 mV below zero, and this occurs even when the transmitter is released 

. during the- peak of a directly initiated muscle spike. 
36 
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Fig. 11. 


Fig. 10. Effect of two nerve impulses. A : upper record shows response to a single impulse, lower 
record to 2 impulses at short interval. The response to the second impulse is seen as a second 
hump beginning at the arrow. B: examples of N,N, responses from other end-plates, the 
start of the N, potential being indicated by arrows. 


Fig. 11. Response to repetitive nerve impulses at prostigmine-treated end-plates. A and B: upper 
records show single, lower records double responses. The second impulse merely raises the 
level of the residual depolarization after the spike. C : response to single and five repetitive 
nerve impulses (successive stimuli marked by dashes) at another end-plate. Slower time 
base. There is evident interference by movement artifacts, but the level of depolarization 
does not appreciably exceed that observed in A and B. 
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The results are in satisfactory agreement with the predictions of the short- 
circuit hypothesis (Fatt & Katz, 1951), but they do not prove it. In the first 
place, neither the ‘equilibrium potential’ of the active end-plate nor the 
diffusion potential between myoplasm and surroundings are known accurately 
enough to be certain of their identity. Secondly, there are various possibilities 
beside a simple short-circuit which may equally well account for the observed 
resistance and potential changes. For example, a simultaneous increase of 
sodium and chloride, or sodium and potassium permeability at the end-plate 
would produce indistinguishable results. What seems certain is that a selective 
increase of permeability to sodium alone cannot explain the transmitter effect. 
The suggestion of a localized short-circuit reaction at the motor end-plate is 
a simple, but provisional, substitute for that hypothesis. 


Once we are forced to invoke a simultaneous increase of permeability to more than one species 
of ions, it is perhaps simpler to envisage a reaction which leads to the breakdown of an ion barrier 
rather than one which involves a multiplicity of specific permeability channels. These romaine 
also the fact that in the absence of sodium applied ACh can still produce a bled 
(Fatt, 1950; Nastuk, 1953). This effect would be difficult to explain by increased permesbility to 
sodium, chloride or potassium, and seems to require the transport of yet another ion: e.g. entry 
of ACh* itself or, more probably, outflow of internal anions. The observation of this effect is, 
therefore, another point in favour of a general rather than selective increase of end-plate per- 
meability. A further study of the action of ACh in the absence of external sodium salts may help 
to clear up this problem. The results so far reported have been variable, and it has been difficult 
to make quantitative predictions, for the theoretical ‘short-circuit potential’ between myoplasm 
and outside solution would depend critically on the unknown behaviour of intracellular anions 
when NaCl has been replaced by a non-electrolyte. A method has recently been described by 
Coombs, Eccles & Fatt (1954) by which the internal anion composition may be changed. It is 
hoped that an application of this method to the end-plate will throw further light on this matter. 


The results described in § A show that the transmitter changes the membrane 
potential even when the release coincides with the peak of electric activity in 
the muscle fibre. It appears, therefore, that the receptor molecules of the 
end-plate are either not engaged in the production of the muscle spike or, 
if they are, not thereby rendered refractory to a subsequent action of the 
transmitter. 

It has previously been suggested by Fatt & Katz (1951) that the molecules 
with which ACh combines are specific chemo-receptors which differ from the 
postulated ‘sodium-carriers’ in the surrounding muscle membrane and do not 
participate in the process of electric excitation. The present experiments show 
that the excitatory process during the muscle spike fails to preclude the reaction 
between end-plate and transmitter and, therefore, support the view that the 
two mechanisms are independent. 

There remains the alternative that the end-plate receptors can respond both 
to ACh and to electric stimulation. To maintain this view, one would have to 
assume that (i) the receptor molecules can participate in two membrane 
reactions leading to different equilibrium potentials and (ii) their affinity to 
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ACh is so overwhelming that in its presence electric excitation of the receptors 
cannot occur or proceed. It seems to us that the assumption of independent 
‘chemo-’ and ‘electro-receptor’ molecules is simpler, but there is at present no 
critical evidence to decide this matter. 


SUMMARY 

1. The electrical changes at the motor end-plate have been further investi- 
gated with the intracellular recording technique. 

2. When a nerve impulse arrives at the junction during the passage of 
a directly initiated muscle spike (M) it causes the active membrane potential 
to move towards a level of about 10-20 mV below the line of zero p.d. If the 
transmitter is released at the peak of the M spike, it causes ion current to flow 
‘outward’ and the action potential to fall; if the transmitter is released below 
that critical level, it gives rise to ‘inward’ ion current and to an e.p.p. which 
adds to the M spike. The reversal occurs at a level which is close to the esti- 
mated free diffusion potential between fibre contents and Ringer solution. 

3. The resistance across the active end-plate was measured by passing 
a current pulse through the membrane and observing the added p.d. The 
membrane resistance is greatly reduced by the action of the neuromuscular 
transmitter. The indirect response to a nerve impulse (WN spike) is associated 
with a more severe breakdown of the membrane resistance than the response 
to a direct stimulus (M spike), in spite of the fact that the voltage amplitude 
of the M spike is larger. 

4. During repetitive nerve stimulation of normal or prostigmine-treated 
muscle, the end-plate potential could not be made to rise above a level of 
10-20 mV below the ‘zero line’. 

5. The evidence presented in this paper is incompatible with the hypothesis 
that the neuromuscular transmitter may act on sodium permeability alone. 
It requires an additional, and simultaneous, increase of permeability to other 
ions and, to this extent, supports the ‘short-circuit’ hypothesis previously 
put forward. There is, however, at present no evidence to decide between 
a selective increase of permeability to several species of ions and a short-circuit 
proper, i.e. complete breakdown of a local ion barrier. 


We are indebted to Mr J. L. Parkinson for his invaluable assistance. This work was supported 
by a research grant from the Nuffield Foundation. 
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VISUAL PERCEPTION OF MOVEMENT IN THE LOCUST 
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The locust, in common with many other insects, possesses two types of eye; 
the large compound eyes situated one on each side of the head, and three 
simple eyes or ocelli, two placed laterally and one frontally (Fig. 1). Previous 
studies, mainly concerned with the compound eyes, fall into the following 
groups: (a) optical studies of the refracting systems, either of the whole eye 
or its single units, the ommatidia (Exner, 1891); (6) responses of the intact 
insect to different visual stimuli, such as moving striped patterns (Hecht & 
Wolf, 1929; Kalmus, 1937; Gavel, 1939); (c) the electroretinogram, which, 
from many insect eyes, shows prominent on and off deflexions (Jahn & 
Crescitelli, 1938, 1939; Crescitelli & Jahn, 1939; Bernhard,1942; Autrum, 1950). 

The present paper introduces a new method of investigating the response of 
the eyes to visual stimulation, making use of large-fibre action potentials in 
the ventral nerve cord of the locust, which are initiated by visual activity. 
These potentials were first described by Parry (1947), who recorded them from 
the circumoesophageal connectives. 


METHODS 


The Preparation, Adult female specimens of the migratory locust (Locusta migratoria migra- 
toriodes, phase gregaria), bred in captivity, were used. The legs and wings were removed, and the 
insect was dissected from the dorsal side, the viscera being displaced so as to expose the full length 
of the ventral nerve cord. Action potentials were led off by silver wire loop electrodes, bipolar 
leads being used in the earlier experiments, monopolar leads in later ones, in which an indifferent 
electrode was placed in a pool of Ringer’s solution in the abdomen, and a second electrode on the 
nerve-cord. The Ringer's solution used had the following composition: NaCl, 9g; KCl, 0-42 g; 
NaHOCO,, 0-15 g; CaCl,, 0-24; glass-distilled water to make 1 1. The same solution was used to 
irrigate the preparation from time to time. The cord electrode was placed between the 2nd and 
3rd thoracic ganglia, leading off from the connecting nerves (Fig. 2). In the earlier experiments no 
anaesthetic was used; later it was found that small doses of urethane (0-1-0-2 ml. 12-5 % solution), 
injected into the body cavity, reduced spontaneous movements without affecting the visual 
responses, and this anaesthetic was used in subsequent work. As a rule, preparations remained 
responsive for 2-3 hr with little loss of sensitivity to stimulation. 
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Fig. 2. Diagram of the central nervous system of the locust. A, in dorsal, B, in lateral view. 
6, brain or supracesophageal ganglia; cc, circumoesophageal connectives; ag, suboesophagea 
ganglia; th 1, th 2, th 3, lst, 2nd and 3rd thoracic ganglia; ag, abdominal ganglia. 


In order to limit the stimulation to one eye, or to exclude alternatively the compound eyes or 
ocelli, these structures were coated with a thick layer of bituminous compound, or covered by 
tinfoil moulded to shape and glued in place. Slits, pinholes or small circular apertures were made 
in this covering when it was desired to provide a restricted exposure, and holes the size of a few 
ommatidia could be made in this way. 


50 mm 
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= Fig. 1. Head of locust in front view. c, compound eye; o, ocelli. 
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Recording. A 2-channel a.c. amplifier was used in conjunction with a conventional cathode-ray 
tube recording system. A loudspeaker gave audible indication of the responses during movement- 
perception experiments. 

Stimulation. On and off responses were obtained by switching on and off, or obscuring, the lamp 
illuminating the preparation. For testing movement perception, a simple apparatus was used, 
consisting of a pivoted arm on the end of which a 6 V tungsten-filament lamp was attached 
(Fig. 3). The apparatus was placed so that the lamp was }-1 m from the preparation, and was 
moved rapidly over predetermined small arcs of varying extent. It was necessary to conceal the 
movements of the operator’s hand behind an opaque shield. The effective angular movement (6) 
referred to the centre of the eye was obtained from the value for tan 6, being the linear displace- 
ment of the lamp divided by the distance between lamp and eye. Alternatively, illuminated 
striped patterns, consisting of alternate black and white stripes, were caused to move rapidly 
through a fixed distance. The threshold of perception was then related to the minimum width of 


10 cm 


L ) 


Fig. 3. Apparatus for moving a light (J) on the pivoted arm (a) over a pre- 
determined distance controlled by the rubber covered stops (st). 


stripe which just gave a response. In a few experiments, single ommatidia or small groups were 
illuminated by a microscope ‘in reverse’, using a $ in. objective to give a narrow pencil beam of 
light, a technique similar to that used by Hartridge (1946) on the human eye. 

Histology. Paraffin sections of the optic and protocerebral ganglia, and of the ventral nerve cord 
connectives were prepared, and stained with iron haematoxylin. 

Optical methods. Simple optical experiments were designed to give values for (a) the angular 
inclination of the optical axes of adjacent ommatidia, and (b) the angle of light acceptance by a 
single ommatidium, in the vertical and horizontal planes. For the measurement of (a), use was 
made of the ‘ pseudopupil’ phenomenon. The pseudopupil is a small dark area seen apparently on 
the surface of the compound eye, when the eye is viewed through a low-power microscope under 
incident illumination (Pl. 1A). It arises from that group of ommatidia, the optical axes of which 
are parallel to the line of sight, or nearly so. The dark effect is due to total absorption of the 
incident light by the pigment lying around the retinula cells at the base of the ommatidium 
(Fig. 4B), so that there are no emergent rays parallel to the optical axis. In the case of the sur- 
rounding ommatidia, viewed obliquely, some of the incident light, falling on non-pigmented 
regions, is reflected. The centre of the pseudopupil thus represents a line of sight which is directed 
along the optical axis of the ommatidium which underlies it. When the eye is rotated so as to bring 
other ommatidia into this orientation, the pseudopupil remains stationary. The head bearing the 
eye was mounted on a rotating microscope stage, graduated in degrees, and fixed in a vertical 
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plane. Two marks were made on the eye surface, about thirty to ommatidia (1 mm 

fig. 4A); the eye was rotated until each ofthese marks in tam layin the contre ofthe 
and the extent of angular rotation was read on the scale. This angle was the total angle subtended 
between the optical axes of the ommatidia underlying each mark. By counting the number of 
ommatidia between the marks, the mean angular inclination between the axes of adjacent 
ommatidia was obtained by simple division. This was measured for both the vertical and horizonta 
meridians of the eye. 


05 


Fig. 4. A, horizontal section of locust’s eye drawn to scale, somewhat schematic. The anterior 
surface is to the right. B, single ommatidium in more detail. C, positions assumed by the 
section A in determining the angle of inclination of the ommatidia. The arrows represent the 
line of sight. c, cornea; cc, crystalline cone; m, marks made on surface of eye which are 
aligned with the arrows in C; p, pigment separating the ommatidia; rc, retinula cells; rh, 
rhabdome; s—s, the plane of the eye slice examined in Fig. 5. 


For measurement of (b), an apparatus (Fig. 5) was used, by means of which a tangentially-cut 
slice (s) from the compound eye was examined by transmitted light under a low-power micro- 
scope (m). The slice was mounted on a cover-slip (c), to which the cut surface was adherent by a 
thin film of Ringer’s solution. The cover-slip was fixed on a cardboard rectangle (cr) with central 
hole, and this assembly was placed on the microscope stage, with the corneal surface of the eye 
facing the light source. With the light source (a 6 V tungsten-filament bulb) placed on the optical 
axis of the microscope, the inner surface of the eye slice was examined under low power, the field 
of view consisting of the inner cut ends of the ommatidia. In those regions where the level of 
section was such as to cut through the rhabdomes, small points of light were visible against the 
dark background of the ommatidial pigment layer (Pl. 1B). The rhabdome (Fig. 4B, rh) is a long 
thin translucent rod-like structure which passes from the crystalline cone (cc) down the centre of 
the ommatidium, and is surrounded by the retinula cells (rc). The pin points of light represented 
light which had entered by the corneal facets and passed along the rhabdomes of those ommatidia 
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whose axes were aligned approximately parallel with the microscope axis, on which the light 
source was also situated. The substage condenser was not used. 

If now the lamp was traversed along its graduated scale (Fig. 5, gs) whilst one particular pin 
point of light was observed, it was found that the light intensity diminished at first slowly, then 
more rapidly and finally became extinguished fairly sharply. When the lamp was traversed to the 
opposite side, a corresponding extinction point was found again. The total angular movement of 
the lamp with respect to the centre of the eye slice was calculated for each experiment, and was 
taken to represent the width of the cone of light acceptance of the ommatidium for the meridian 
in which the lamp was moved. 


cr 
m 
cf 


10cm 

Fig. 5. Method of determining the angle of light acceptance by an ommatidium. The cover-slip 
(c) supported by the cardboard slip (cr) carries the eye slive (s) which is illuminated by the 
light (1) moved on the graduated scale (ge) and viewed by the microscope (m). 


RESULTS 

On and off responses 

When the light falling on the eye from the 40 W lamp providing general 
illumination was suddenly switched off or on, or if it was obstructed by an 
opaque shield, trains of spikes were recorded from the ventral nerve cord. 
By occluding alternately the compound eyes and ocelli, it was found that the 
former gave on and off responses, the latter off responses only. In neither case 
were there any responses to constant illumination. 


Movement responses 


Brief trains of spikes were recorded in the ventral nerve cord when illuminated 
objects were moved sharply in the visual fields of the compound eyes (Fig. 7). 
These responses were only elicited when the movements were rapid and 
exceeded a small value of angular displacement, of the order of 0-33°, with 
respect to the eye. If the same movement was repeated several times in rapid 
succession, the responses ceased. This effect of ‘fatigue’ of the response could 
be avoided by presenting movement stimuli at intervals of not less than 10 sec, 


a procedure adopted as routine for later experiments. The ocelli gave no move- 
ment responses. 
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Ocellar responses 

The ocellar off responses did not fatigue on constant repetition (Fig. 6 A). 
They showed about the same latency (50 msec) to photic stimulation by short 
duration flashes (2-5 msec) as the compound eye responses (Fig. 6C, D). 


A 


—A 


1 sec 


B sec 1mvV 
VNC 
VNC 
pe 
ris SEC. f f 


Fig. 6. Ocellar and compound eye responses. pc, photocell output; VNC, action potentials in 
ventral nerve cord. A, ocellar responses to passing four fingers of hand through light beam 
(compound eyes occluded). Response does not fatigue with rapidly repeated stimulation. 
B, ocellar off responses. C, compound eye response to very brief light flash (f). Time (lower 
trace) x$s sec. D, ocellar response to similar light flash. Time (lower trace) y}5 sec. B-D 
retouched. 


2 


Characteristics and mediation of the responses 

The compound eye responses, both for on, off, and movements, consisted of 
trains of one to about five spikes, whose amplitudes fell in the range 0-65- 
0-85 mV. The maximum duration of the trains was 60-80 msec. The ocellar 
responses were trains of a few spikes, whose amplitudes were from 0-30 to 
0-50 mV, and duration of train not exceeding 10-15 msec. 

Examination of sections of the ventral nerve cord connectives (Pl. 1C) 
showed the presence of numerous large amyelinate axons, ranging in diameter 
from 5 to 15u, along with many small fibres. Since the action potentials 
composing the visual responses were the largest observed in every preparation, 
and in view of the established proportionality between spike height and axon 
diameter, it seems reasonable to conclude that the visual responses are 
mediated via these large fibres. In all preparations a more or less regular back- 
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ground activity of smaller potentials was observed, which could be ascribed to 
the numerous small fibres present; these small potentials were much reduced 
by the application of 1°, nicotine to the cord ganglia, a procedure which did 
not affect the transmission of the large visual-response spikes. 

By leading off from one connective only, it was found that there was almost 
complete crossing of the compound eye responses, these being elicited only by 
stimulation of the contralateral eye. 

Impulse discharges in response to visual stimulation were also detected in 
the large motor nerves to the hindlimbs. These discharges were irregular, 
rarely gave a one-to-one correspondence with the ventral nerve cord potentials 
observed simultaneously, and often showed a long latency or failed com- 
pletely. Nicotine (1% solution) applied to the 3rd thoracic ganglia, from which 
these hindlimb nerves originate, rapidly blocked transmission. 


The acuity of movement perception : 

With test movements of gradually decreasing angular extent, and using the 
ventral nerve cord impulse discharge as indicator of a response, the angular 
threshold for movement perception was determined in a large number of 
experiments. These experiments were performed under bright general illumina- 
tion, provide by a 40 W tungsten filament lamp at 4 m from the eye, and the 
results thus all relate to the light-adapted eye. Little difference in movement 
perception threshold was found however as between dark-adapted and light- 
adapted preparations. 

As the extent of the movement of the test object was progressively reduced, 
the duration of the ventral nerve cord impulse train decreased, until near 
threshold only one impulse occurred. Fig. 7 shows the results of a typical 
experiment in which the threshold value was 0-33°. Precise determination of 
the threshold of response was made difficult by the fact that for movements 
near threshold the response became irregular. In earlier experiments an 
arbitrary criterion demanding ten responses out of ten trials was adopted. 
This led to threshold values of about 1° for movements in the vertical plane, 
which agreed well with the angular inclination of the axes of adjacent omma- 
tidia in this plane (Burtt & Catton, 1952a), and agreed also with the results 
from behavioural responses to striped patterns obtained by earlier workers 
(Hecht & Wolf, 1929; Kalmus, 1937; Gavel, 1939). The threshold for the 
horizontal plane was found to be close to 1° also, when the 10/10 criterion was 
used, although the mean angular inclination of the axes of adjacent ommatidia 
was found from the pseudopupil measurements to be 2-4° in the horizontal as 
against 1-09° in the vertical plane. 

It was later found that, in favourable preparations, 10/10 responses could 
be obtained down to angles of 0-33°, and results exceeding 1/10 for angles of 
0-16° (Burtt & Catton, 19526). Table 1 shows the results of a number of 
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Action potentials in ventral nerve cord of locust 


3-2° 


Fig. 7. Responses of compound eye to movement stimuli. Threshold value 0-33°. (Retouched.) 


TaBie 1, Acuity of movement perception and inclination of ommatidial axes 


Inclination of 
Movement ommatidial 
threshold axes 
(°) (°) 
Vertical movements 0:22 1-15 
0-16 1-15 
0-33 1-033 
0-38 1-033 
Mean 0-27 1-09 
Horizontal movements 0-32 2-5 
0-45 2-5 
0-32 1-97 
0-25 2-47 
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0-16 2-47 

Mean 0-30 2-4 
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experiments in which the threshold for movement perception, based on 
responses exceeding 1 out of 10 trials, and the angular inclination of ommatidial 
axes (pseudopupil method), were determined on the same eye. It is clear that 
there is no correlation between the movement threshold and the inclination 
of the ommatidial axes. 

With different test objects (white disk, striped patterns) movement per- 
ception acuities were found to be of the same order as that for the bulb, but 
the striped patterns were the least effective form of stimulus. 


The angular limits of the field of view of a single ommatidium 

Early estimates of the field of view of a single ommatidium (e.g. Exner, 1891), 
based on theoretical predictions, led to the conclusion that the angle within 
which light could enter the ommatidium was much greater than the angle of 
inclination between adjacent ommatidial axes, Thus extensive overlapping of 
the fields of neighbouring ommatidia would be expected. 

Attempts to determine the limits of the ommatidial field of view were made 
by the following experimental procedures: (a) study of the movement responses 
from a single exposed ommatidium, (b) direct measurement of the angular 
limits of light acceptance by the method of transillumination, and (c) study of 
the movement responses for vertical movements presented to an eye in which 
only a narrow vertical strip of ommatidia was exposed. 

For method (a) both eyes were covered with the bituminous compound or 

by tin foil, and small pinholes were made by means of a sharp needle so as to 
expose if possible only one, or at the most a group of two or three ommatidia. 
It was found that as a rule no movement responses could be obtained from 
preparations with these minute exposures, or if responses were obtained they 
were so irregular as to preclude the use of the method for delineating the limits 
of response. Weak on and off responses were however detected in some of these 
preparations. 
_ In method (6), reproducible results were obtained from many slice pre- 
parations, and an average angle of 20-3°, standard deviation +2-9°, was 
obtained, to the limits of extinction of transmitted light as viewed by the 
human eye. This value is the mean of readings in the vertical meridian (19-4°, 
standard deviation +2-6°) and in the horizontal (21-3°, +3-0° standard 
deviation). 

For method (c), slits ranging from 2 to 17 ommatidia wide, and of length 
much exceeding their width, were made. Trial movements in the vertical 
plane were performed over a wide range, at different zones in the horizontal 
plane ; it was found, as expected, that the field of view was markedly restricted 
in the horizontal direction, in accordance with the width of the particular slit 
employed. It was relatively easy to measure the angular width of this 
restricted field, by finding the limits at which the movement responses vanished. 
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After measuring this angle (the ‘response’ angle, 8), we measured the mean 
width of the slit in terms of the number (n) of ommatidia, using a low-power 
microscope. The angle («) subtended between the axes of the most peripherally 
placed ommatidia was calculated from the product of the number of ommatidia 
(n) and the mean axial inclination in the horizontal plane as determined by the 
pseudopupil method. By simple optical geometry an estimate could now be 
made of the extent of the visual field of a single ommatidium. Fig. 8 shows a 
row of n ommatidia forming the width of a slit, with the limit of axes («) and 


Fig. 8. Method of estimating the visual field angle of an ommatidium. Not drawn to scale. 
a, the angle subtended by the axes of the outermost tidia of the group. £8, the maxi- 
mum angle over which responses to movement are obtained. 2y, the visual field angle of one 
ommatidium. 


Tasie 2. Estimation of the ommatidial visual field angle 


Inclinati 
of Ommatidial 

ommatidial slit width Limit of field angle Ommatidial 

optical by method (c), 

ommatidia, B B- 2y) by method (6) 
2-4 2 48 30 25:2 
2-4 2-3 4-8-7:2 16 
2-4 4-5 9-6-12 21 

2-4 16-8 37 20-2 21-343-0 s.v. 
2-4 12 23-8 58 29-2 
2-4 16-17 38-4—40- 61 20-1-22-7 
Mean value (2y) 20-1547 s.D. 21-343-0 s.p. 


* Values which fall close to half the mean. Low values are due to low results for res angle, 
which may be due to use of excessive thickness of coating material, restricting the field of view of 
the ommatidia in the slit. 
the response angle (8). If optical symmetry be assumed, the difference between 
these angles (8—«) represents the angular width of the visual field of a single 
ommatidium (2y). Table 2 gives values for individual experiments. It is seen 
that the mean value for visual field angle obtained by method (c) agrees with 
that from method (6), although there is considerable scatter, and two results 
by method (c) are markedly low, being about half the mean value. 
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Even though these results may be taken as approximate values, it is clear 
that the visual field angle of an ommatidium is much greater than the angular 
inclination of adjacent ommatidia. 


Illumination of single ommatidia 

By the use of a microscope ‘in reverse’, with a § in. objective, it was possible 
to illuminate single ommatidial facets, as confirmed by direct observation 
under the low-power binocular microscope. Under these conditions of relatively 
intense illumination, on and off responses were readily obtained from single 
illuminated facets. Small movements of the microscope lamp enabled the 
point of illumination to be transferred from one facet to another, and this was 
accompanied by discharge of impulses in the ventral nerve cord. On closer 
examination with the binocular microscope, however, it was observed that in 
addition to the bright point of light reflected from the facet, there was a 
general ‘glow’ from deeper-lying structures. It was uncertain to what extent 
this internally scattered light might stimulate ommatidia other than the one 
whose facet was illuminated. By reducing the light intensity the ‘glow’ could 
be eliminated, but it was then difficult to identify the illuminated facet. Thus 
the method could not be used with the certainty of illuminating a single 
ommatidium. In addition, this form of stimulation bears little relation 
optically to the normal stimulus from a distant source of light, forming an 
image in the ommatidium by means of its own refracting system. The validity 
of the reversed-microscope stimulation of the vertebrate eye (Hartridge, 1946) 
of quite different structure is of course not questioned. 


The effect on acuity of movement perception of limiting the area of eye exposed 

If the acuity of movement perception were a function of the activity of many 
ommatidia, the ventral nerve cord impulses could be regarded as integrated 
responses, and their intensity would be expected to diminish progressively, 
for a given movement, as the number of ommatidia taking part was reduced. 
Alternatively, a reduction in the number of exposed ommatidia would be 
expected to cause a rise in the threshold of movement perception. This 
supposition was tested as follows. The acuity of movement perception was 
determined for the whole eye, and for the same eye partially covered, clear 
circular areas of various sizes being left. It was found that the acuity of move- 


ment perception was markedly lowered as the number of functional ommatidia 
was reduced (Table 3). 


DISCUSSION 
The discussion can be considered under three headings: (1) the overlapping of 


the ommatidial visual fields, (2) the mechanism of movement perception, 
(3) the origin of the impulses in the ventral nerve cord. 
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(1) The overlapping of the fields of adjacent ommatidia is very extensive. 
On the basis of our results it is seen that light enters the ommatidium, and is 
an effective stimulus, if it comes from any point within a cone, the apex of 
which subtends an angle of about 20° at the ommatidium. In other words, 
light enters the ommatidium at points lying 10° in any direction from the optical 
axis. Remembering that the inclination of the axes of adjacent ommatidia is 
about 1° in the vertical and 2-5° in the horizontal meridians of the eye we see 


TaBLE 3. Effect of reduction of exposed area of eye on movement perception acuity 


Movement 
response 
Expt. no. exposed area threshold 
(°) 
1 Whole eye 0-55 
24 ommatidia 1-43 
8 ommatidia 3-57 
2 Whole eye 0-5 
21 ommatidia 1-27 
7 ommatidia 4-83 
3 Whole 0-27 
24 ommatidia 20 
10 ommatidia 4-4 


at once that overlapping of about twenty ommatidial fields would be expected 
to occur in the vertical and about eight in the horizontal. This point seems 
worth emphasis, for the general theory of the action of the ommatidium 
assumes that the reception of light is restricted to a limited region. Thus 
Wigglesworth (1953) expresses clearly the view which is implicit in most work 
on the subject when he says ‘each ommatidium receives the impression of a 
luminous area corresponding to its projection on the visual field’. It follows 
from this that a point source of light would on this view illuminate only a 
single ommatidium, or at most two adjacent ones. Indeed Barlow (1952), 
in the course of a discussion of the theoretical resolving power in compound 
eyes, sees this as a possible limiting factor in the perception of light of low 
intensity, in, for example, the hive bee. If, however, a point source illuminates 
many ommatidia then Barlow’s difficulty largely disappears. In Locusta, we 
see that a group of ommatidia twenty high and eight broad must be illuminated 
by a single-point source, and the effective aperture of the eye is far greater than 
is usually supposed. Exner (1891) expressed the view that light must enter 
the ommatidium from points inclined to the optical axis and hence over- 
lapping of fields would occur, but he gives no measurements of this. 

It might be suggested at this point that the locust eye is exceptional. 
Nothing in its structure points to this, and a preliminary examination of a 
slice of the eye of the hive bee makes it clear that overlapping of ommatidial 
fields occurs here also, and is, one suspects, quite general. 

(2) The overlapping of fields of adjacent ommatidia gives a possible 
mechanism for the perception of those movements which are of much smaller 
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angular extent than the inclination of the optical axes. Suppose that a single 
ommatidium is capable of giving only simple on and off responses. (Expostres 
of very small groups of ommatidia, which gave only on and off responses, 
suggest that this is so, in respect of movement stimulation.) Imagine a point 
source of light illuminating the eye; there will be a central group of ommatidia 
receiving maximal illumination, surrounded by a group with somewhat lower 
illumination, until the region is reached which is occupied by those ommatidia 
into whose fields of view the light does not enter. Movements of the point 
source of angular extent comparable to the angular inclination of the ommatidia 
will illuminate a completely new peripheral zone of ommatidia in one direction, 
while it will cut off a corresponding zone in the other. On the earlier theory, 
such a movement would merely cause the light to pass from one ommatidial 
field to that of its neighbour. The difference comes when movements of the 
source of much smaller extent than the angular divergence of ommatidial axes 
are considered. On the usual theory these would be only likely to cause an on 
or off response if they occurred across the boundary of adjacent ommatidia, 
but on the present view a whole zone of ommatidia are concerned, and it is 
reasonable to suppose that at least one will come ‘on’ or ‘off’ even for slight 
movements. The above suggestion is possibly far too simple. In its defence it 
can be pointed out that restriction of the area of eye exposed leads, as we have 
shown, to a marked reduction of sensitivity to movements. Against this it 
should be said that reduction of the exposed area of the eye reduces sensitivity 
to movement even when the exposed area is still longer than the twenty vertical 
and eight horizontal ommatidia suggested above. Evidently it is a more com- 
plex situation than this; all that can be certainly claimed is that a large 
number of ommatidia are illuminated at once by a point source, and restriction 
in the exposed area of the eye reduces sensitivity to movement. 

(3) Definite conclusions about the origin of the impulses in the ventral nerve 
cord await a better knowledge of the changes going on within the optic ganglia 
and the nervous pathways from these to the ventral nerve cord. We know 
nothing of the nature of the impulses coming from the retinula cells themselves. 
Their fibres enter the optic ganglia, the complexity of which is clearly seen 
from morphological studies (Snodgrass, 1935). The large fibres in the ventral 
nerve cord have been traced in our sections as far as the posterior part of the 
‘brain’, where they appear to originate in large cell bodies. We are confident 
that detection of impulses in the ventral nerve cord gives a sure indication of 
effective stimulation of the eye, by whatever means this is brought about. It 
does not follow that an absence of such impulses would justify the opposite 
conclusion in any experiment. The nervous pathways are so complex that we 
cannot yet exclude the possibility that the retinula cells are generating impulses 
which enter the optic ganglion, but do not reach the ventral nerve cord. The 
sensitivity of the locust eye to movement, recorded in this paper, is thus to be 
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taken as a minimal one. We hope that further studies on central nervous 
activity accompanying visual stimulation may extend our knowledge of these 
visual responses. 

SUMMARY 

1. Action potential discharges were recorded from the ventral nerve cord 
of the locust, in response to two types of visual stimulation; (a) light on or off, 
(b) movement of objects in the visual fields. 

2. The compound eyes gave rise to such responses for light turned on and 
off and for movements; the ocelli gave off responses only. 

3. The discharges in the ventral nerve cord consisted of short trains of large 
spikes, whose amplitudes ranged from 0-65 to 0-85 mV for the compound eye 
responses, 0-30 to 0-50 mV for the ocellar responses. 

4. Numerous fibres of large diameter (range 5-15) were identified in 
sections of the ventral nerve cord connectives; it is likely, but no direct proof 
is offered, that these are the fibres which mediate the responses. 

5. There was almost complete crossing of the compound eye responses, 
from each eye to the contralateral ventral nerve cord connective. 

6. The compound eye movement responses were used to give a value for the 
threshold of movement perception; responses were obtained down to angular 
displacements of small objects of 0-16° of arc with respect to the centre of the 
eye. The threshold was not affected by light or dark adaptation. 

7. The average angular inclination of adjacent ommatidia determined by 
an optical method was about 2-4° in the horizontal and 1° in the vertical 
meridian of the eye. 

8. Optical and movement-response testing methods for determining the 
visual field angle of single ommatidia are Goacernee. This angle was found to 
be about 20° by either method. 

9. The acuity of movement perception was progressively reduced by 
restricting the exposed surface of the eye. 


We wish to thank Prof. A. A. Harper for helpful criticism in preparation of the manuscript, and 
Dr D. E. Wright for the microphotographs in Pl. 1 and for help with the histology. We are in- 
debted to the Research Committee of King’s College for a grant towards the cost of apparatus and 
to the Anti-Locust Research Centre for assistance in supplies of locusts. 
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EXPLANATION OF PLATE 1 


A. Photograph of locust’s eye to show the pseudopupil (ps). Anterior margin of eye to the left. 

B. Photograph of inner surface of an illuminated eye slice showing the structures cut across at 
different levels. (Retouched.) c, cornea; cc, crystalline cone; rh, rhabdome. 

C. Transverse section of one connective in nerve cord between second and third thoracic ganglia, 

showing large fibres (if). 
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A QUANTITATIVE STUDY OF THE RESPONSE TO ADENOSINE 
TRIPHOSPHATE OF THE BLOOD VESSELS 
OF THE HUMAN HAND AND FOREARM 


By F, DUFF, G. C. PATTERSON ann J. T. SHEPHERD 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 20 April 1954) 


Quantitative measurements of the effects of acetylcholine and histamine on 
the forearm and hand blood vessels have been made by Duff, Greenfield, 
Shepherd & Thompson (1953). This paper describes similar observations using 
adenosine triphosphate (ATP), and its vasodilator properties are compared 
with those of acetylcholine and histamine; this information was required for 
another investigation. The effects of adenosine triphosphate on the circulation 
are of interest as it has been suggested that this substance or its derivatives 
may play a part in the circulatory changes which follow exercise (Zipf, 19314; 
Rigler, 1932), circulatory arrest (Zipf, 1931a) and traumatic shock (Bennet & 
Drury, 1931; Zipf, 19316; Green, 1943). The intra-arterial injection of ATP in 
man has been shown to cause an erythema and rise in temperature of the fore- 
arm skin (Stoner & Green, 1945), and an increase in finger volume (Davies, 
Gropper & Schroeder, 1951). Detailed measurements of the effects of ATP on 
the limb vessels in man, however, have not been found. The magnesium salt 
(MgATP) was used for the present investigation as there is some evidence 
that the ATP in striated muscle is present in this form (Bielschowsky & Green, 
1944). The sodium salt was also used in some experiments and its effects are 
compared with those of the magnesium salt. 


METHODS 


Observations were made on nineteen healthy men between the ages of 19 and 34 years. They wore 
normal indoor clothing and were recumbent during, and for half an hour before, the observations. 
The laboratory temperature was 20-22° C. 

The blood flow through the hands and forearms was measured by venous occlusion plethysmo- 
graphy. The temperature-controlled plethysmographs (Greenfield, 1954) were filled with water at 
32° C for the hands and 34° C for the forearms, and the details of the method were essentially as 
described by Barcroft & Swan (1953). 

After the plethysmographs were fitted, a needle was inserted into the brachial artery at the 
elbow, and connected by a short length of polythene tubing to a mechanically driven syringe, 
delivering 4 ml, of isotonic saline (0-9% NaCl) per minute. 
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As soon as the saline infusion was commenced, a stock solution was prepared containing 
50 mg MgATP (Boots) in 50 ml. of isotonic saline. Further dilutions were made with isotonic 
saline immediately before use. The saline infusion was interrupted at suitable intervals and the drug 
solutions were infused at a rate of 4 ml./min, usually for 2 min, from a second mechanically driven 
syringe. The subjects were usually unaware that this change had been made except when there 
was some sensation in the forearm and hand caused by the drug. The doses, which ranged from 
1 to 2000 g/min were usually given in ascending order of magnitude. Solutions of NaATP (Boots) 
were made up in a similar manner. All doses are expressed as the weight of the salt. 

In order to see if the stock solution of MgATP was stable for the duration of the experiment 
(usually about 50 min), a solution was prepared containing 64 yg of MgATP in each 4 ml. of saline. 
This was given for four periods of 5 min each, with a 10 min interval between periods. A fresh 
solution was then prepared from another ampoule and this was also infused for 5 min. The plateau 
levels of forearm blood flow were 11-0, 10-6, 10-4, 10-3 and 9-5 ml./100 ml./min, respectively. We 
therefore conclude that the stock solution was stable for the duration of the experiment (50 min). 
This experiment also shows that the response of the subject remained remarkably constant for the 
duration of the experiment and that the response to a given dose was not altered by a previous 
dose of the same size. 

| RESULTS 

| 

Solutions of MgATP infused into the brachial artery in doses of 1000-2000 yg/min 
caused a mild sensation of warmth in the forearm and hand. This was noticed 
by a few subjects with doses of 256 g/min. Three subjects felt a slight tingling 
in the forearm with doses of 1000 g/min, and in one of them the tingling was 
felt with a dose of 256 ug/min. In two of them whealing occurred. There were 
no sensations of warmth or tingling in the experiments in which NaATP was 
given in doses up to 1000 g/min. There were no general symptoms with either 
substance. 

| Appearances 

Doses of 64 wg/min and above usually caused flushing of the forearm skin, 
which varied in degree and distribution from subject to subject. The flushing 
was never as marked as that with doses of histamine which produced similar 
increases in flow (Duff e¢ al. 1953). In three out of fifteen experiments on 
different subjects whealing occurred with doses of 1000 »g/min. In two of the 
subjects whealing was localized to an area about 5 cm in diameter. In the third 
subject the whealing was widespread over the flexor surface of the forearm 
with a dose of 1000 g/min and was increased in degree by a further dose of 
2000 g/min. 

Blood flow 


Observations with MgATP. Typical results of the effect on the blood flow 
through the forearm and hand when MgATP is infused into the brachial artery 
are shown in Fig. 1. The results of twelve such experiments are summarized in 
Fig. 2, where the blood flow is plotted against the dose on a logarithmic scale. 
The average of the highest four observations during the administration of the 
drug are plotted, together with the average of the four observations during the 
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Fig. 1. The effect on foregrm (lower rectangle) and hand (upper rectangle) blood flow of various 
doses of magnesium adenosine triphosphate injected over 2 min periods into the brachial 
artery of two normal subjects. Continuous line: injected side. Dotted line: control side. 
Doses are in yg/min. 
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minute prior to the commencement of the first drug infusion. This method of 
presenting the results is that used and discussed by Duff et al. (1953). There 
was only a small increase in the forearm and hand blood flow with a dose of 
4 yg/min; with doses of 64 »g/min and over the blood flow was markedly 
increased. There was no increase in blood flow through the opposite arm during 
the drug infusions. 
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Fig. 2, The response of the forearm and hand vessels to graded doses of magnesium adenosine 
triphosphate injected into the brachial artery. R, average resting flow. Each symbol repre- 
sents a different subject. 


In three experiments on three subjects doses up to 1000 uzg/min caused little 
alteration in fogearm blood flow (one experiment) and hand blood flow (two 
experiments). The presence of a small localized area of erythema and whealing 
on the forearm in each of these experiments suggested that the drug infusion 
was reaching only a small segment of the forearm. This would account for the 
poor overall response of the forearm and hand circulation. In a previous 
experiment on one of these subjects the usual increase in blood flow occurred 
(@, Fig. 2). 

In some experiments 16, 64, 100 and 1000 ug/min of MgATP were infused 
for 10 min and the forearm blood flow was recorded. The increased flow was 
sustained throughout the period of the infusion. The results of one such experi- 
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ment are shown in Fig. 3. In some of these experiments the blood flow at the 
beginning of the infusion was greater than that during the remainder of the 
infusion, when the flow remained at a fairly steady level. Our data are insuffi- 
cient to allow us to determine the frequency and constancy of this response. 
Comparison of the effects of MgATP and NaATP. Two experiments were 
carried out to compare the effect of MgATP with that of NaATP. Infusions of 
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Fig. 3. The effect on forearm blood flow of 10 min infusions of magnesium adenosine triphosphate 
into the brachial artery. Doses are in ug/min. 


MgATP and NaATP in doses of 4, 64, 256 and 1000 wg/min were made in 
ascending order of magnitude. The infusion of each dose of one salt was 
followed by infusion of the same dose of the other salt, the order in which the 
salts were given being reversed for each dose. Fig. 4 summarizes the results of 
the two experiments. In each subject the responses with doses of 64, 256 and 
1000 g/min were substantially less with NaATP than with MgATP. The 
difference in the responses increased with increase in dose. 

In order to see if the difference in the response of the forearm vessels to 
MgATP and NaATP was due to the vasodilator properties of the Mg, the 
following experiment, the results of which are shown in Fig. 5, was carried out 
on one subject. An infusion of 250 ug/min of MgATP was given and was 
followed by an infusion of 250 .g/min of NaATP. The latter infusion was then 
repeated with the addition of 112 zg/min of MgSO,.7H,0, which contains the 
same amount of Mg as is present in 250 ug of MgATP. The response obtained 
was similar to that observed with the NaATP. An infusion of 112 g/min of 
MgSO,.7H,0 alone was then given and no appreciable response was obtained. 
This series of infusions was repeated on the same subject with a similar result. 
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Forearm blood flow (mi./100 mi./min) 
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16 64 1000 
Dose (g/min) 

Fig. 4. A comparison of the response of the forearm vessels to graded doses of MgATP and NaATP 
infused into the brachial artery in two subjects (indicated by squares and circles). R, average 
resting flow. The closed and open symbols indicate the responses to MgATP and NaATP 
respectively. 
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Fig. 5. The effect on the forearm blood flow of infusions into the brachial artery of MgATP, 
NaATP, NaATP plus MgSO,.7H,0, and MgSO,.7H,0. 


I 


te 
0 
/ 
/ 
4 
/ 
/ 
4 / 
/ 
/ 
0 
’ 
f 


ADENOSINE TRIPHOSPHATE ON BLOOD FLOW 587 


It therefore appears that the greater response to MgATP compared with that 
to NaATP is not due to the vasodilator properties of Mg itself but to the action 
of ATP and Mg in chemical combination. 


@——® ACh Forearm 

O---O ACh Hand 7 
40 Hist. Forearm / 
Hist. Hand / 
Mg ATP Forearm 
O---0 Mg ATP Hand jb 


+ 1 4 16 256 4000 
Dose (g/min) 

Fig. 6. Comparison of the response to acetylcholine, histamine and magnesium adenosine triphos- 
phate of the forearm and hand vessels when injected into the brachial artery. The points for 
magnesium adenosine triphosphate were obtained by averaging the flows of the individual 
subjects illustrated in Fig. 2. The results for histamine and acetylcholine are reproduced 
from an earlier paper (Duff ef al. 1953). The lines were drawn by inspection. 


DISCUSSION 


The possibility of an unequal distribution of a drug solution throughout the 
limb following intra-arterial infusions (Duff et al. 1953) must be kept in mind 
when comparing the local circulatory effects of the same or different drugs on 
different subjects. In three subjects in the present series, the distribution was 
80 localized that there was practically no increase in hand blood flow or in the 
flow through the segment of forearm inside the plethysmograph. The small re- 
sponse in some of the subjects shown in Fig. 2 may be wholly or partly accounted 
for in this way. It is clear, however, that MgATP is a powerful vasodilator. 
NaATP, although less potent than MgATP, is also a very effective vasodilator. 
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The vasodilator response to a dose of NaATP is not increased by adding the 
amount of Mg, in the form of MgSO, .7H,0, which is present in the same dose of 
MgATP. We conclude that when ATP is chemically combined with Mg its 
vasodilator action is potentiated. Similar potentiating properties of Mg on the 
shock-inducing effects of ATP were observed by Green & Stoner (1950). ATP in 
suitable doses can cause just as large an increase in forearm and hand blood 
flow as does acetylcholine or histamine (Fig. 6) without the uncomfortable 
local bursting sensation which sometimes occurs with the former, or the facial 
flushing and headache associated with the latter (Duff et al. 1953). 

The acetylcholine dose-response curve for the hand is very different from 
that for the forearm (Fig. 6) owing to the rapid breakdown of acetylcholine in 
the blood (Duff et al. 1953). The fact that the MgATP dose-response curve for 
the hand is very similar to that for the forearm (Fig. 6) suggests that MgATP is 
not so rapidly inactivated as is acetylcholine. When doses of 1000-2000 yg/min 
of MgATP are infused into the brachial artery large increases in blood flow 
occur in the injected arm but no changes in the flow occur in the opposite arm. 
This suggests that the MgATP is broken down in the body more rapidly than 
histamine, which when infused in doses of 64 g/min into the brachial artery 
of one arm causes an increase in blood flow in the opposite forearm. 

The results of the experiments described suggest that if it is desired to 
increase the blood flow through a limb by intra-arterial infusion of drugs, 
magnesium adenosine triphosphate would be preferable to either histamine or 
acetylcholine. 

SUMMARY 


1. Solutions of magnesium adenosine triphosphate and sodium adenosine 
triphosphate have been infused into the brachial artery and the effects on the 
circulation of the forearm and hand studied. 

2. While both these substances are potent vasodilators the dilator effect of 
the sodium salt is less than that of the magnesium salt. This difference is 
attributed to the potentiating action of magnesium when chemically com- 
bined with the adenosine triphosphate. 

3. Magnesium adenosine triphosphate in suitable doses can cause as large 
an increase in forearm and hand blood flow as can histamine or acetylcholine, 
without any of the uncomfortable local or general symptoms associated with 
the latter drugs. 


Our thanks are due to Prof. A. D. M. Greenfield and Dr R. F. Whelan for reading the manv- 
script and for helpful suggestions. 
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SPINAL CORD POTENTIALS GENERATED BY VOLLEYS 
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It has now been established that the large muscle afferent fibres, i.e. the group I 
afferent fibres of muscle nerves, are separable into two quite distinct groups, 
Ia and 1b, the former arising from the annulo-spiral endings of the muscle 
spindles, the latter from the Golgi tendon organs (Matthews, 1933; Barker, 
1948; Hunt & Kuffler, 1951; Hunt, 1952, 1953). Furthermore, impulses in the 
group Ia and Ib afferent fibres have quite distinct actions within the spinal 
cord (Granit, 1950, 1952; Laporte & Lloyd, 1952; Bradley & Eccles, 1953; 
Hunt & Kuffler, 1951; Hunt, 1952). However, almost all of this functional 
specification has depended on an analysis of input-output investigations on 
spinal reflexes; hence very little is known about the functional pathways within 
the spinal cord, though the number of synaptic linkages on such pathways has 
been inferred from the central delay between input and output. Such attempts 
have culminated in Laporte & Lloyd’s precise study (1952) of the time relation- 
ships of the excitatory and inhibitory reflex effects exerted by groups Ia and 
Ib. Inferences drawn from such relatively remote data require testing by 
direct observation of the events that occur within the spinal cord between the 
input and the output. One such investigation (Brooks & Eccles, 1947; cf. also 
Renshaw, 1946) has shown that with microelectrode recording it is possible to 
identify the pre- and post-synaptic components of the monosynaptic myotatic 
reflex, and to subdivide the total central delay of this reflex into a pre-synaptic 
conduction time, a true synaptic delay in the initiation of the synaptic potential, 
and finally post-synaptic events. 

The present investigation is an extension of this earlier work; not only is 
there a study of the time relations of the synaptic events evoked by group Ia 
and Id afferent volleys, but there has been approximate mapping of the poten- 
tial fields generated in the spinal cord by their respective synaptic actions. In 
1945 Campbell published elaborate maps of the potential fields generated in 
the spinal cord by an afferent volley, but unfortunately this volley was com- 
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posed of a large assortment of cutaneous and muscle impulses of diverse 
function, and hence the potential fields were too complicated to provide 
information from which the fields produced by any one type of impulse could 
be derived. A similar criticism may be applied to the recent investigations of 
Howland, Lettvin, McCulloch, Pitts & Wall (1953) and of Gépfert (1953). In 
contrast, in the much simpler conditions of the present investigation, it has 
been possible to secure a complete separation between the respective potential 
fields produced by the groups Ia and 16 volleys of a muscle. In particular this 
has been possible with the knee extensor and flexor muscles, quadriceps and 
biceps-semitendinosus muscles respectively, for by suitable stimulation of the 
muscle nerves it is often possible to secure an almost complete separation of 
group Ia from group Id (cf. Bradley & Eccles, 1953). 


METHOD 


The electrical recording procedures were essentially similar to those described by Brock, Coombs & 
Eccles (1952). Ten cats, anaesthetized with pentobarbitone sodium, were used in the experiments. 
The spinal cord was severed in the lower thoracic region. The nerves to the posterior biceps and 
semitendinosus muscles (henceforth BST) were mounted on stimulating electrodes in a paraffin 
pool, while the quadriceps muscle nerve (Q) was stimulated through a buried electrode. The ventral 
roots of the 5th, 6th and 7th lumbar and Ist sacral segment were cut. In four of the experiments 
the above procedures were carried out on both sides so that records could be taken from each half 
of the spinal cord. The pia-arachnoid membrane was removed over the area to be explored in order 
to allow the microelectrode to penetrate freely. 

Glass microelectrodes filled with 3m-KCl or 5m-NaCl and with a tip diameter of between 1 and 
3 were used for the recording of the electric fields set up in the cord. Accurate co-ordinates for 
the microelectrode tip in the X, Y and Z planes were secured by the micromanipulator which is 
described in the appendix and illustrated in Fig. 6. 

A transverse map of the potential fields at a selected level of the spinal cord was constructed by 
the following procedure. The microelectrode was secured in the micromanipulator so that it lay 
accurately along the Y axis, and the manipulator in turn was adjusted so that the line of insertion 
(the Y axis) would lie in the chosen transverse plane of the spinal cord, and at an appropriate angle 
to the dorso-ventral axis in this plane. After the position in the transverse plane was read on the 
Z micrometer, and the angle on the curved steel rail, the microelectrode was inserted by means of 
the Y micrometer-head. The change in electrical resistance gave a sharp reading on the Y micro- 
meter for surface contact. Thereupon the microelectrode was slowly inserted just beyond the 
deepest point needed for the map, and then withdrawn to this point before recording the electrical 
responses evoked by the chosen nerve volleys. Similarly, after each withdrawal of 0-2 mm the 
electrical responses were again recorded until the responses ceased to be interesting as the dorsal 
surface of the cord was approached. Finally after withdrawal from the cord the point for surface 
contact was again determined by the lowered resistance and read on the Y micrometer, the initial 
and final readings so obtained agreeing on the average to within 0-02 mm. In a like manner 
records were taken along a track lying 0-2 mm medially or laterally as recorded on the Z micro- 
meter, and so on until a grid of observations 0-2 mm apart was obtained covering the grey matter 
of the transverse section under study. The reliability of the transverse location of the tracks was 
usually tested by moving in 0-4 mm steps in one direction, the intermediate steps being taken in 
the return movement so that the 0-2 mm grid was completed. Invariably these tracks have 
furnished suitable transitions between the initial tracks. In some experiments the tracks were 
perpendicular. In other, however, they were made at an angle of 10-20° ventro-laterally to the 
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sagittal plane. At this angle it was possible to penetrate through both the intermediate and moto- 
neuronal nuclei with the same track (cf. tracks A of Fig. 2 and B of Fig. 4). It was also possible to 
explore the whole grey matter through a minimum surface area freed from pia-arachnoid mem- 
brane, thus causing minimum disturbance of the blood supply to the neurones of the intermediate 
nucleus. In all experiments the angle of insertion was kept fixed during the construction of the 
map on one side of the spinal cord. 

Each record consisted of about forty superimposed faint traces so as to exclude random varia- 
tions. The records were arranged to form maps showing each observation in its topographical 
position. In order to trace the outlines of the spinal cord and the grey matter on to the maps, 
histological sections were prepared from the segments investigated. Assuming no distortions of 
the histological sections except a uniform shrinkage, for which it was possible to allow, and 
assuming that the microelectrode penetrated the cord along straight tracks, it was possible to draw 
on to the maps the appropriate outlines of the transverse section of the segment. The assumption of 
straight running tracks is justified by the fact that the records of the focal potential known to be 
evoked in the specific motoneuronal nuclei of the ventral horn were localized on the maps to the 
area where the motoneurones have been found by appropriate histological and chromatolytic 
techniques (Marinesco, 1904; Romanes, 1951; Balthasar, 1952). The assumption of uniform 
shrinkage was justified by noting that the transverse and dorso-ventral axes of the spinal cord 
showed approximately the same shrinkage. When the pattern of the transverse cord section was 
drawn on to the maps, the following points were used for orientation: (a) the near edge of the 
central dorsal vein whose co-ordinates had been determined by the micromanipulator, being read 
on the Z and Y micrometers; (b) the contour of the dorsal surface obtained from the average 
surface readings for each penetrating microelectrode track; (c) the points of maximal response 
obtained from the motoneuronal nuclei of the right and left ventral horns, assuming symmetry 
between the nuclei of the two opposite halves of the cord. There were four to eleven parallel tracks 
at 0-2 mm intervals in the transverse plane of each half of the spinal cord, and altogether twenty 
maps were constructed. 

During the process of insertion large responses of units were often observed, owing to penetration 
or injury of a nerve cell or fibre by the recording electrode. The large potentials so produced would 
greatly distort the potential fields that were under investigation. Fortunately such disturbances 
were unusual during withdrawal and could easily be recognized and rejected. Presumably the 
offending units had usually been destroyed by the further insertion. Small distortions so produced 
are seen in a few of the records of Fig. 1. 

RESULTS 

Three typical series of microelectrode records are shown in Fig. 1. The tracks 
along which the records were obtained entered the dorsum of the cord near the 
midline and were directed ventro-laterally through the rostral parts of the 
sixth (track A) and of the seventh (track B) lumbar segments. Track C passed 
through the biceps-semitendinosus motoneurone nucleus of the seventh lumbar 
segment. It was vertically orientated and thus passed laterally to the inter- 
mediate nucleus. The courses of the tracks of Fig. 1 are shown in Figs. 2 and 4 
by lines marked A (Fig. 2), B and C (Fig. 4); the solid line segment indicates 
the zone from which the responses of Fig. 1 were taken. As indicated in Fig. 4 
by the lines marked B, the series of records shown in Fig. 1 B were obtained 
from two parallel microelectrode tracks, that for the ten lower records passing 
through the BST motoneurone nucleus and being 0-2 mm lateral to the track 
for the eight upper records. Optimum conditions were thus ens for illustra- 
ting the interneuronal and motoneuronal responses. 
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Fig. 1. Focal potentials recorded with a microelectrode in the grey matter of the spinal cord of a cat, 
each record being formed by superposition of about forty faint traces. A: series of records 
obtained along a track (A, Fig. 2) penetrating through the intermediate and motoneurone 
nuclei of L,. The responses are evoked by afferent volleys in the following groups of muscle 
nerve fibres: A,, biceps itendinosus (BST) group Ia; Ay, quadriceps (Q) group Ia; A,, 
quadriceps, group Ia+b. B: series of records from tracks (B, Fig. 4) passing through the 
intermediate and motoneurone nuclei of L,. The responses are evoked by: B,, Q Ia; B,, 
BST Ia; B,, BST Ia +b. C. Series of records from a perpendicular track (C, Fig. 4) passing 
through the BST motoneurone nucleus of L,. The lowest record is obtained from a surface 
lead on the dorsal roots midway up L, segment. The responses are evoked by: C,, Q Ia; C,, 
Q Ia+5; O,, BST Ia. The figures to the left of each record give the depth in mm below the 
dorsal surface of the cord at which it was obtained. Time in msec. Voltage scale same for all 
records. 

38 PHYSIO. CXXV 


29 2-8 3 7 
| a | 


594 J. C. ECCLES AND OTHERS 


As shown by Bradley & Eccles (1953), it is possible with many quadriceps 
and biceps-semitendinosus nerves to choose a strength of stimulus that excites 
most of the group Ia afferent fibres (originating from the annulo-spiral endings 
of muscle spindles) and virtually none of the group [6 afferents (originating 
from the Golgi tendon organs). The response evoked by a group Ia volley was 
usually compared with that evoked by a volley just maximal for groups Ia and 
Ib, but exciting few of group II and none of group III muscle afferents. For 
convenience of recording, the responses to three successive volleys were always 
photographed on each trace. The three responses shown from the left to the 
right in each of the records of Fig. 1A were set up by BST Ia (A,), Q Ia (A,) 
and Q Ia+6 (A,) afferent volleys respectively. The responses of Fig. 1B were 
set up by Q Ia (B,), BST Ia (B,) and BST Ia+5 (B,) and those of Fig. 1C by 
Q Ia (C,), Q 1a +b (C,) and BST Ia afferent volleys. 

All the records shown were obtained extracellularly and signal negativity of 
the microelectrode tip as an upward deflexion. Below Fig. 1 C is a record of the 
respective afferent volleys as recorded from the dorsal roots midway up 
L, segment. 

It will be observed that most of the potential waves in Fig. 1 have a charac- 
teristic time course, there being an initial diphasic spike, positive-negative, 
and a later more prolonged negative wave with steep onset and more gradual 
decay. The initial diphasic spike was at most 0-3 msec later than the spike 
response evoked by the afferent volley in the dorsal root, hence it must be pro- 
duced by the afferent volley along its central pathway, as has already been 
described by Brooks & Eccles (1947). The later negative wave was also observed 
by Brooks & Eccles (1947) in the quadriceps motoneuronal nucleus and attri- 
buted to the synaptic potentials evoked in these motoneurones by the afferent 
volley. It has been called the focal synaptic potential in order to distinguish it 
from synaptic potentials recorded by other techniques where the recording 
was intracellular or after electrotonic spread along the motor axons to the 
ventral root. However, Lloyd & McIntyre (1949) and Lloyd (1952a, 6) regard 
it as having a presynaptic origin, an interpretation that will be further con- 
sidered in the Discussion. 


The quadriceps la response at L, segment 

The focal synaptic potentials evoked in the grey matter of the sixth lumbar 
segment by a quadriceps Ia volley showed maximal amplitudes within two 
quite distinct areas (Fig. 1, A,). The ventral of the two areas ranged from 3-5 to 
4-7 mm below the dorsal surface of the cord, with a maximum at 4:1—4-3 mm. 
This area falls within the ventral horn of the spinal cord and the focus of maxi- 
mum response hes within the area of the quadriceps motoneurone nucleus, 
which identifies this response with the focal synaptic potential recorded by 

Brooks & Eccles (1947) in the quadriceps nucleus. 
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Fig. 2. Transverse section from L, showing the approximate localization of synaptic potentials 
evoked by Q (left side) and BST (right side) group I afferent volleys. The response areas for 
the QIa and BST Ia volleys are indicated on the respective sides by continuous lines 
enclosing obliquely hatched areas, while the Q 1b and BST 1 response areas are indicated by 
broken lines enclosing horizontally and vertically hatched areas respectively. In defining these 
areas, 20% of the maximal focal potential was chosen as the marginal amplitude. The line A 
shows the course of track A of Fig. 1, the illustrated records being obtained from the part of 
the track drawn in full. Similarly, records shown in Fig. 3 were obtained along the continuous 
part of line D. The dot-dash line indicates the mean reversal line (negative dorso-laterally to 
positive ventro-medially) of the focal synaptic potential generated by the Q Ia volley. 
Further description in text. 


On the other hand, there has been no previous description of the dorsal field - 
of focal synaptic potentials evoked by the quadriceps Ia volley. It falls within 
the intermediate region in Fig. 1, A,, ranging from 2-1 to 3-3 mm below the 
dorsal surface of the cord, with the maximal potential amplitude at a depth of 
2-7 mm. Most of this area would lie within the intermediate nucleus described 
by Cajal (1909). 
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The focal potentials recorded from the intermediate nucleus showed the same 
general features as those obtained from the motoneurone nucleus. As would be 
expected the amplitude of the diphasic presynaptic spike was greater than in 
the motoneurone area. Its latency, measured from the arrival of the afferent 
volley at the dorsal root entry to the summit of the positive deflexion, gave a 
value for the intramedullary conduction time of the afferent volley which 
ranged from 0-1 to 0-2 msec. Between the positive crest of the presynaptic 
spike and the onset of the succeeding focal synaptic potential there was a delay 
of about 0-5 msec. This gives an approximate measure of the synaptic delay 
(cf. Brooks & Eccles, 1947). 

The area of Q Ia response within the intermediate region is distinctly sepa- 
rated from that of the focal Q Ia potentials in the motoneurone nucleus. Thus 
the A, record of Fig. 1 showed only a trace of focal synaptic potential at a 
depth of 3-5 mm. These observations establish that there is synaptic trans- 
mission between afferent quadriceps fibres belonging to group Ia and inter- 
neurones in the intermediate nucleus (cf. Eccles, Fatt & Landgren, 1954). 

The approximate positions of the areas within the 6th lumbar segment from 
which the focal Q Ia responses were obtained are shown in the left half of Fig. 2. 
The maximal potential amplitude is indicated by the open circle in the inter- 
mediate nucleus and by the open triangle in the motoneurone nucleus. The 
continuous lines trace the margin of the response areas, 20° of the maximum 
response being chosen as the marginal amplitude. The co-ordinates used for all 
outlines of response areas and foci of maximal responses in Figs. 2 and 4 are the 
mean values of all our observations. The arbitrary limit of 20% has been 
chosen in an attempt to limit the area approximately to the zone in which the 
focal synaptic potential is actually being generated. The field of current flow 
would cause a considerable extension of the area of focal negativity beyond 
this generating zone (cf. Brooks & Eccles, 1947; Barakan, Downman & Eccles, 
1949). 

In the deepest record of Fig. 1, A, (5-1 mm below the surface) the pre- 
synaptic spike was followed by a low positive wave that appeared to have 
much the same time course as the focal synaptic potential. This positive 
potential wave was always much better developed ventro-medial to the motor 
nucleus as may be seen in Fig. 3, where the successive records lay along the 
dorso-lateral to ventro-medial line marked D in Fig. 2. The focal synaptic 
potential was largest in the 4-1 record which was approximately in the centre 
of the quadriceps nucleus, The 4-8 and 5-0 records show a positive potential 
wave which had precisely the same time course, and hence may be regarded as 
being recorded near to the sources of the current that flowed into the sinks in 
the quadriceps nucleus during the focal synaptic potential. Reversal occurred 
between the 4:7 and 4-8 records of Fig. 3, and, on the basis of such reversal 
determinations in our experiments, there is drawn in Fig. 2 the dash-dot line 
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which follows approximately the ventro-medial outline of the left ventral horn. 
Dorso-laterally to this line the focal synaptic potential generated by a Q Ia 


volley was negative, ventro-medially it was positive. 
Dorso-laterally to the quadriceps nucleus in Fig. 3 the 
diphasic presynaptic spike is also seen to be followed by 


a positive wave. However, this wave was only detectable. 


occasionally and it had a much briefer time course than 
the focal synaptic potential in the quadriceps nucleus. 


The quadriceps la+b response at L, 

The focal responses at L, level to an afferent quadri- 
ceps volley exciting virtually all the fibres of the groups Ia 
and b and few of the group II fibres are seen in Fig. 1, Az, 
to the right of the group Ia focal potentials. In the most 
dorsal records the presynaptic spike was double, the first 
component corresponding to the group Ia spike of the A, 
series, while the second component followed it by ap- 
proximately the same interval of about 0-2 msec that 
was observed for the Ib spike in the dorsal root records 
(cf. Bradley & Eccles, 1953); hence it may be identified 
as being produced by the group [6 afferent volley along 
its central pathway. No trace of it could be observed 
deeper than 3-1 mm. As with the group Ia response in 
the A, series, a focal synaptic potential immediately 
followed the presynaptic spike potentials; but it was at 
least twice as large and extended over a much wider field, 
being already detectable at a depth of 1-1 mm, which is 
about 0-8 mm more dorsal than the first sign of focal 
synaptic potential in the A, series for group Ia fibres only. 
On the other hand, deeper along the track, from 3-7 to 
5-1 mm, the responses to the group Ia and to the 
group Ia+b volleys were almost identical. A single pre- 
synaptic spike led on to a simple focal synaptic potential 
which differed only in its slightly larger size in the A, 
series. This difference is attributable to the difference in 
sizes of the respective group Ia volleys, which were maxi- 
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Fig. 3. Microelectrode 


records of the focal 
potentials generated by 
a Q Ia volley in L, 
ventral horn along the 
line marked D in Fig. 2. 
The figures give the 
depth in mm below the 
dorsal surface of the 
cord at which the re- 


mal in A, and not quite so in A,. Thus beyond a depth of 3-5 mm the group Ib 
contributed neither a presynaptic spike potential nor a focal synaptic potential. 
It may be concluded that in the 6th lumbar segment the group Ib afferent fibres 
of quadriceps form synaptic endings only in the intermediate region of the 
spinal cord. Comparison of the sizes of the respective focal potentials in the 
A, and A, series of Fig. 1 indicates that in the intermediate region the [6 


sponses were recorded. 
Time in msec, 
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volley generates a focal potential which at the maximum zone (depth 2-7 mm) 
was at least as large as that generated by the Ia volley, and which had a much 
more extensive distribution. 

A schematic localization of Q Ib focal response on the transverse section of 
the 6th lumbar segment is given in the left half of Fig. 2. The open square 
indicates the mean co-ordinates of the observed maximal amplitudes and the 
broken line gives the margin of the response area, as defined by the 20%, 
criterion that was adopted for delimiting the group Ia area. 


The quadriceps 1a and 1b responses at L, 

The potential generated by an afferent Q Ia volley in the rostral level of the 
L, segment may be followed in the successive microelectrode records of Fig. 1, 
B, and C,. As indicated by the lines marked B in Fig. 4, the microelectrode 
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Fig. 4. Transverse section from L, showing the approximate localization of responses evoked by 
Q (left half) and BST (right half) group I afferent volleys. Same conventions of lines and 
hatching as for corresponding areas in Fig. 2. Reversal line (positive dorsally to negative 
ventrally) of the relayed spike evoked by Q Ia in the dorsal part of the BST motoneurone 
nucleus is shown by cross-dash line. Reversal line (negative dorso-laterally to positive ventro- 


ee by the BST Ia volley is shown by triangle- 
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tracks along which the B records were obtained passed through the inter- 
mediate and the motoneurone nuclei. Both in their size and time course the 
Q Ia potentials in the intermediate region resembled those of the corresponding 
| area of the sixth segment (Fig. 1, A,). The diphasic presynaptic spike appeared 
“after an intramedullary conduction time of about 0-3 msec and was followed 
after a synaptic delay of 0-5 msec by a focal synaptic potential. In Fig. 1, B,, 
this potential attained its maximum amplitude at a depth of 2-4 mm, and may 
be observed over the range 1-8-2-8 mm. In the left half of the transverse section 
depicted in Fig. 4 the open circle indicates the site of maximum focal synaptic 
| potential, while the continuous line outlines the response area as defined by the 
20%, criterion. 

In contrast with the rostral L, level, a Q Ia volley evoked no negative synap- 
tic potential in the ventral horn of the L, segment. However, at a depth of 
3-6-4-4 mm in Fig. 1, B,, the small presynaptic spike was followed by a small 
positive deflexion with the characteristic time course of the focal synaptic 
potential. Such a depth corresponds to the biceps-semitendinosus motor 
nucleus, hence this positive potential wave in Fig. 1, B, may be identified with 
the extracellular inhibitory potential previously reported by Brooks & Eccles 
(1948), and it would be attributable to the direct inhibitory action which Q Ia 
impulses exert on BST motoneurones. Presumably it would be the extra- 
) cellular counterpart of the hyperpolarization that is observed by intracellular 
recording during inhibitory action (Brock et al 1952; Coombs, Eccles & Fatt, 
1953). 

The responses evoked by a quadriceps volley maximum for the Ia and Ib 
fibres have not been illustrated, for no special features are involved. In the 
intermediate region the focal synaptic potential has been at least double the 
size of the response to a maximum Q Ia volley and has been considerably more 
, extensive; hence, as in the L, segment, it may be concluded that a maximum 
Q Ib volley generates a focal synaptic potential that is at least as large as for a 
maximum Q Ia volley, and that it is distributed more widely to neurones in 
the intermediate region. In the transverse section at the rostral level of L, 
segment (Fig. 4) the focus of the Q Ib response is marked by an open square in 
the left intermediate region, and the broken line outlines the response area as 
| defined by the 20% criterion. As in the L, segment the Q Ib volley does not 
evoke any response in the ventral horn. 

When the electric fields evoked in the L, segment by a Q Ia volley were 
recorded along a microelectrode track penetrating in a parasagittal plane and 
thus passing through the motoneuronal nucleus but lateral to the intermediate 
region (cf. track C in Fig. 4), the series of records of Fig. 1 C was obtained. The 
| track was so far lateral to the intermediate region that no trace of the focal 
synaptic potential was detectable. However, at all depths the initial pre- 
synaptic spike was followed by a brief spike-like wave, and this wave reversed 
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from a positive to negative type when the microelectrode passed deeper than | 


3-6-3-8 mm from the dorsal surface. It will be noted, however, that the pre- 
ponderantly negative spike was preceded by a small brief positive spike. The 
level at which reversal occurred corresponded to the dorsal region of the BST 
motor nucleus, as revealed by the focal synaptic potentials generated by a 
BST Ia volley in the C, records of Fig. 1 (cf. the area delimited by the con- 
tinuous line in the right ventral horn of Fig. 4). In the C, records of Fig. | 
(maximum Q Ia and [6 volleys) this delayed spike was not appreciably larger 
than in the C, records for the Q Ia volley alone, hence it can be concluded that 
it was skubetiesty generated by the Q Ia volley. Not only was the delayed spike 
of positive type observed in the more dorsal records, but it was also observed in 
records made with a surface electrode over a wide area on the dorsal and lateral 
surface of the L, segment. For example, the lowest record of Fig. 1, C, gives 
the surface potentials generated by the three volleys that evoked the intra- 
medullary responses of the remainder of Fig. 1,C. Comparison of the Ia 
responses of the C, record with the la +b responses of C, shows that the delayed 
positive spike was not significantly larger for the la+6 responses. Further 
analysis of this response will be attempted in a later paper (Eccles, Fatt & 
Landgren, to be published). For the present it is sufficient to note that it 
follows the presynaptic spike by about 1-2 msec, an interval which is adequate 
to accommodate a synaptic relay in addition to the intra-medullary conduction 
time. The approximate line of reversal from a preponderantly positive to a 
preponderantly negative spike is drawn as the line with crosses running across 
the left ventral horn of Fig, 4 and through the dorsal region of the BST nucleus. 


Responses evoked by group la and 1b BST volleys. 


By comparing the appropriate records of Fig. 1, A and B, it is evidien’ that 
both the presynaptic and synaptic potentials evoked by group Ia and Ib BST 
volleys in the L, segment are virtually identical with those evoked by the 
similar Q volleys in the L, segment. Thus the BST and Q Ia responses may be 
compared in the B, and A, series of records respectively, while the B, and A, 
series reveal the additional response evoked by the BST and Q Id volleys. 
Again, the volley in group Ib BST fibres is seen to generate synaptic potentials 
only in the intermediate region, while the Ia volley is effective in the moto- 
neuronal region as well. In the transverse section of the L, segment of the 
spinal cord (Fig. 4) the mean values of our observations are shown on the right 
side by the filled circle and square respectively for the maximum foci of the 
BST Ia and I} synaptic potentials in the intermediate region, the response 
areas being outlined by the continuous and broken lines. In addition, the 
filled triangles indicate the maximum foci of the Ia synaptic potential in the 
ventral horns, and the continuous line delimits the response area. This similarity 
between BST responses in L, segment and Q responses in L, segment is to be 
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expected because these are the respective levels for motoneuronal location and 
for afferent fibre entry. | 

Just as with the Q Ia volleys (cf. Fig. 3), it was regularly observed that a 
BST Ia volley set up in the ventro-medial part of the ventral horn ¢ positive 
wave having the same time course as the focal synaptic potential. Thé reversal 
line from negative to positive is shown by the line with filled triangles that 
runs ventro-medial to the BST nucleus in the right ventral horn of Fig. 4. 

Reciprocally also the presynaptic and synaptic potentials evoked by Ia and 
Ib BST volleys in the L, segment were virtually identical with those evoked by 
the corresponding Q volleys in the L, segment, as may be seen for the respective 
Ia volleys in Fig. 1, A, and B,. Again, no synaptic potentials were observed in 
the ventral horn. The respective Ia and 16 synaptic potentials in the inter- 
mediate region are shown in the right side of Fig. 2 as a filled circle and a square 
for the maximal foci and are outlined by the continuous line and the broken 
line. However, the BST responses at L, level differed from the Q responses at 
L, because it has not been possible to detect the delayed spike seen in Fig. 1, C,, 
either by intramedullary or surface recording. 


Group I afferent fibres of other muscles 

It has been found that there is also a synaptic relay in the intermediate 
nucleus of L, and L, segments for group I afferent volleys from muscles such as 
gastrocnemius, flexor longus digitorum and the anterior tibial group of muscles 
supplied by the deep peroneal nerve. Unfortunately it was usually impossible 
to separate the group Ia from the group 16 afferent fibres of such muscles, so 
our investigation was concentrated on the afferent volleys from quadriceps 
and biceps-semitendinosus muscles. There was, however, the general indication 
that the distribution for the group Ia and [6 fibres of these additional muscles 


was essentially the same as has been described above and illustrated in Figs. 
2, 4 and 5. 


DISCUSSION 


Fig. 5 summarizes the synaptic connexions that have been revealed for the 
group Ia and [6 fibres of quadriceps nerve, the Ia connexions being shown on 
the left, the 1d on the right. A further experimental investigation (cf. Eccles 
et al. 1954) has shown that the direct inhibitory pathway includes the inter- 
neuronal relay of the Ia fibres in the intermediate nucleus. Axons from such 
interneurones form inhibitory synapses on the motoneurones of antagonistic 
muscles, e.g. on the BST motoneurones on the left side of the L, segment in 
Fig. 5. The interneuronal discharges give the delayed spikes of Fig. 1,C,. It has 
further been shown that the Ia and Id fibres from quadriceps nerve activate 
independent groups of intermediate neurones. The axonal path from the group 
Ib interneurones has not yet been discovered and no axons are drawn in Fig. 5 
(right side), but the axons may be presumed in part at least to lead to the 
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appropriate motoneurones in order to mediate the disynaptic excitatory and 
inhibitory actions demonstrated by Laporte & Lloyd (1952). Extensive con- 
nexions from large afferent fibres to the intermediate nucleus were described 

and illustrated by Cajal (1909). From his illustrations it appears that more 


Fig. 5. Diagram showing the postulated pathways within L, and L, segments for impulses 
entering the spinal cord along group Ia and I afferent fibres from the quadriceps muscle. 
The synaptic connexions of the Q Ia fibres are shown in the left and those of the Q I fibres 
in the right half of the two transverse sections. Excitatory synaptic knobs are drawn as open 
circles and inhibitory ones as filled circles. Q= quadriceps muscle; BST = biceps and semi- 
tendinosus muscles; M = motor nerve ending; A =annulo-spiral ending in a muscle spindle; 
G=Golgi tendon organ. Axons are only drawn for those intermediate neurones whose con- 
nexions are established. . 


fibres approach the intermediate nucleus than leave it to course into the ventral 
horn, an observation which would conform with our observation that the 1b 
fibres terminate in the intermediate region (cf. Fig. 5). In this connexion it is 
of interest that Hoff (1932) by the bouton degeneration method could not find 
evidence of synaptic endings of dorsal root fibres further ventrally than the 
intermediate nucleus. Perhaps the characteristic changes that he described 
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occur with group Ib and not with group Ia synapses, for degenerated boutons 
were found in an area which corresponds closely with the area in which we 
locate the 1b synapses. 

The synaptic connexions of the BST Ia and Id fibres could be represented 
diagrammatically as in Fig. 5, though as yet it has not been possible to detect 
the spikes generated as impulses propagate along the axons of intermediate 
neurones to the quadriceps motoneurones. 

Two possible origins, presynaptic and postsynaptic, have been suggested for 
focal synaptic potentials such as those illustrated in Figs. 1 and 3. If their 
origin is presynaptic (Lloyd & McIntyre, 1949; Lloyd, 1952a, 5), the sources of 
external current flow for the sinks at the terminals must lie along the presynaptic 
fibres as they enter the cord at the dorsal root and run ventrally to the moto- 
neurones, If their origin is post-synaptic (Brooks & Eccles, 1947; Eccles, 1949), 
the sources would be on those parts of the motoneurone activated synaptically 
to a lower degree or not at all, and would for example be located along the 
motor axon. The records of Fig. 3 and the lines of reversal drawn along the 
ventro-medial side of the ventral horn in Figs. 2 and 4 show that the sources of 
current flow lie ventro-medial to the motoneurones. This site corresponds 
closely to the location of the motor axons which traverse the grey matter in a 
ventro-medial direction cutting these reversal lines in an approximately ortho- 
gonal manner before turning more ventrally to pass through the white matter 
to the ventral roots (Balthasar, 1952). Thus the post-synaptic origin of the 
focal synaptic potential would seem to be established. The briefer positive wave 
sometimes observed dorsolaterally and dorsally (cf. Fig. 3) possibly has an 
analogous origin, being produced by currents flowing during the synaptic 
potential of intermediate neurones. The ventrally directed axons would pro- 
vide the source for such currents. An alternative possibility is that the 
positive wave is due to currents flowing from primary afferent collaterals 
(the reflexo-motor collaterals) to the track fibres in the dorsal columns, which 
develop a large negative after-potential (Rudin & Eisenman, personal com- 
munication). 

APPENDIX 
By G. J. WInsBuRY 
Existing types of micromanipulators were found to be unsuitable for the precision manipulations 
and measurements required in the present series of experiments. The manipulator mentioned in 
this paper was designed to meet the requirements of accuracy, stability and ease of measurement — 
and to permit easy access to the preparation. 
Description 

The micromanipulator is a mechanical combination of three movements giving the X YZ co- 
ordinates of the microelectrode tip together with an arc movement in the YZ plane (Fig. 6). 

The X, Y and Z movements each consist of a 0-25 mm Moore and Wright micrometer head 
(type 954M or 477M) which drives a sliding shaft in a cylinder. The micrometer spindle and the 
sliding shaft are brought together under tension, a hardened steel ball being interposed, by means 
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of a ballrace connexion. The tension is adjusted to compromise between ‘backlash’ and freedom of 

rotation of the micrometer head. Rotation of the sliding shaft is prevented by a key and the weight 

of the manipulator is distributed so that there is a rotational moment tending to keep one face of 
e key in contact with a key-way. 

The shaft of the Z movement is clamped as a cantilever to a 1+in, diameter steel backpost which 

may be fixed in any position on a heavy welded steel frame that rigidly supports the preparation. 

Rotation of the micrometer head produces movement of the Z cylinder relative to the frame. 


Microelectrode 
Fig. 6. Micromanipulator. The three micrometer movements used to obtain the X YZ co-ordinates 
of the microelectrode tip are indicated. The rigid assembly of cantilever clamps and upright 
post is shown in short dash outline. The X and Z movements may be clamped together in 
different relative positions to suit the particular experiment. The remote control may be 
quickly and easily detached from the micrometer head. 


The X and Z movements are held firmly together at right angles by a double, keyed clamp which 
can be fixed at any point along each of the cylinders within a range of 60 mm. The clamp is 
designed to give any one of eight different relative positions for the X and Z movements. 

The shaft of the X movement carries a curved steel rail in the form of an arc segment of 50 
degrees and 152-4 mm radius. A carriage runs on three ballraces clamped under tension to the 
rail which has limit stops at each end and a scale of degrees of arc relative to the frame. A knurled 
thumb-wheel enables rapid changes of angle to be made. 

The Y movement is held by the carriage and has three control stages: a coarse screw feed which 
may be clamped, a 1} in. diameter micrometer thimble which may be read to 5y and a remote con- 
trol which may be read to 1p. 

A microelectrode is held in a clamp attached to the Y movement shaft. 

The remote control consists of a heavily damped wheel driving the micrometer thimble through 
a flexible steel shaft, a set of three 13 mm ballraces and a preset slipping device. The slipping 
device consists of three spring-loaded steel balls spaced 120 degrees apart and travelling in an 
annular groove into which are pressed a number of steel balls. By this means the micrometer 
thimble can be rotated smoothly by hand and yet at the same time the remote control can be 
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operated at any point in the micrometer range. Displacement of the microelectrode tip by hand 

on the micrometer thimble is thus obviated when fine adjustments are made. The set of 
three ballraces is arranged to give an eight to one reduction drive on the epicyclic principle. 
Performance 

The X YZ co-ordinates can be determined to within +5. The ‘backlash’ of the remote control 
is not more than 4. The rigidity of the whole manipulator is such that the Y movement deflects 
by approximately 100 when a deadweight of 9 kg is placed on it. 

The instrument may be used for any type of micromanipulation where it is required to insert 
microelectrodes with rigid linear movement under accurately controlled conditions. The cantilever 
form of the instrument gives complete freedom for operative manipulation on the near side, and 
also unimpeded vision by the binocular dissecting microscope that is also mounted on the welded 
steel frame. 

SUMMARY 

1. A systematic study has been made of the potentials generated in the cat’s 
spinal cord by volleys in the afferent nerve fibres from muscle spindles and 
from Golgi tendon organs, groups Ia and Ib respectively. With quadriceps 
and biceps-semitendinosus muscles, the separate effects of these two groups of 
afferent fibres can be determined because there is usually a distinct difference 
of the respective thresholds. 

2. In certain areas in the spinal cord the spike potential produced by the 
afferent volley (the presynaptic spike) is followed by a slower negative potential, 
the focal synaptic potential, which is attributable to post-synaptic activity. 
This has been established by the location of the sources for the external current 
in the motor axonal zone when motoneurones are generating the focal synaptic 
potential. 

3. The areas in which volleys in group Ia and Ib afferent fibres generate 
focal synaptic potentials may be assumed to be the areas in which they 
establish synaptic connexions. On this assumption, group Ia fibres from a 
muscle synaptically excite neurones in the intermediate nucleus as well as the 
motoneurones belonging to their synergic group of muscles. Quadriceps and 
biceps-semitendinosus group Ia afferents are widely distributed to the inter- 
mediate neurones in both the 6th and 7th lumbar segments. 

4. Likewise the Id afferent fibres from both these muscles have the same 
wide segmental distribution to intermediate neurones, but also their synaptic 
endings are more extensively distributed in any transverse section, though still 
in the zone of the intermediate nucleus. In contradistinction, however, the Ib 
afferent fibres make no direct synaptic connexions with motoneurones. 

5. In the appendix a description is given of a micromanipulator which has 
been specially designed for insertion of microelectrodes. 
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A PHOTOSENSITIVE PIGMENT OF THE CARP RETINA 
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Two visual pigments, rhodopsin (or visual purple) and porphyropsin (or visual 
violet) appear to have a widespread distribution. Thus Wald (1949), referring 
to rod pigments, writes: ‘To summarize our present information, true land and 
sea vertebrates have the rhodopsin system; true fresh-water vertebrates have 
porphyropsin; while those equivocal forms which can distribute their lives 
between fresh water and one of the other environments frequently possess both 
photopigments, mixed or in temporal succession’. 

These visual pigments are carotenoid-protein complexes. The above con- 
clusion was reached mainly as the result of studies of the decomposition pro- 
ducts of the carotenoid moieties (Wald, 19352, 6, 1936a,b, 1942). These products 
were found to be either vitamin A, or vitamin A,, the former associated with 
rhodopsin and the latter with porphyropsin. The absorption spectra of the 
retinal extracts were found to fall into one of three groups; they had absorp- 
tion maxima either around 500 my (rhodopsin group), or 520 my (por- 
phyropsin group) or between the two Sip cay of rhodopsin and porphyropsin) 
(Wald, 1938, 1939, 1941). 

However, the presence of differing amounts of yellow impurities in the 
extracts complicated the inter-species comparison of absorption spectra and 
wide limits were tolerated by Wald (1938, 1939) in assigning a visual pigment 
to the rhodopsin or porphyropsin groups. Furthermore, no tests of homogeneity 
were applied. 

It has been shown (Dartnall, 19522) that difference spectra—the changes in 
absorption spectra caused by bleaching—are highly reproducible under 
certain conditions and hence provide a means of precise comparison between 
extracts from different species. Moreover, the homogeneity of the extracts can 
be put to test by comparing the difference spectra obtained by bleaching with 
lights from different parts of the visible spectrum. 


* Whilst on sabbatical leave from the University of California, Los Angeles, and aided by the 
University of California Board of Research. 
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This paper describes some experiments carried out on the light-sensitive 
visual pigment solutions obtained from a freshwater fish—the carp—and 
presents evidence that the visual pigment of this fish is different from that of 
other fish so far examined by these methods. 


APPARATUS AND METHODS 

Measurement of absorption spectra 
Apparatus and technique for measuring the absorption spectra of light-sensitive solutions have 
been described before (Dartnall, 1952a) and were used in the present work. 

The stability of the solutions during measurement was tested in the following way. Optical 
densities were measured at 20 my intervals from 380 to 620 my; then, sometimes after a short 
period of time, from 610 to 390 my, again at 20 my intervals. If the returning measurements 
retraced the path of the outward ones, this showed that the solution was stable since the outward 
and return measurements each took about 30 min to complete. 

All absorption spectra, whether of unexposed, partly bleached or fully bleached solutions, were 
determined in this way. All measurements were made at 20-0+0-2° C and were for an optical 
path length of 0-5 cm. 

Bleaching of solutions 


Complete bleaching of the visual pigment solutions was achieved by exposing them for 10 min 
to ‘white’ light from a 15 W lamp, placed about 9 in. away. 

Bleaching by instalments was carried out with the bleaching apparatus previously described 
(Dartnall, 19524). Suitable intensities of the approximately monochromatic lights used were 
obtained by adjtisting the widths of the monochromator slits. The band widths for each dominant 
wave-length of bleaching light, and the stray-light filters employed, were similar to those in 
previous work. During bleaching (which, at these low intensities, was often of some hours dura- 
tion) the temperature of the solutions was controlled at 20° C. 

p sion of the 

The fish (Cyprinus carpio, variety King Carp, length 7-8 in.) were kept in the open in a large 
bath of running water: 

Before the preparation of an extract, five to ten carp were placed in running water in a tank from 
which all light could be excluded. The fish were kept in darkness for various times (Table 1). All 
procedures following this period of dark adaptation were carried out in a dark room in thegeneral 
illumination of a deep red safe-light, as used in photography. Additional light, when necessary 
for operations such as the removal of retinae, was provided by a cycle torch lamp fitted with 
Ilford monochromatic filter no, 609. Unnecessary exposure of the retinae, or of photosensitive 
solutions, even to these relatively ineffective radiations, was avoided. 


Removal of retinae 


The carp were guillotined and the heads washed free from blood in running water. The tapering 
end of a centrifuge tube was then thrust deep into the gullet of the fish until, with some tearing 
of tissue, the end lay behind and between the eyes. In this position the tube supported the eyes 
against pressure applied in the subsequent operations. Also, by using the tube as a lever, either 
eye could be made to protrude. The point of the blade of a small pair of scissors was inserted into 
an eye at the corneal-scleral junction and a cut made right across the cornea. Gentle pressure, 
applied with a pair of forceps held with its limbs on the eyeball at either side of the cut, caused 
extrusion of the lens, which was then lifted away. With additional pressure, the retina appeared. 
This was gently eased from its optic nerve connexions and placed in the first washing solution. 
This procedure was then repeated on the other eye. The retinae were quite coherent and were nearly 
always obtained whole, as was shown when they billowed out into their original shape on being 
placed in the waeiing solution. 
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Extraction of the visual pigments 

By treating retinae with 2%, aqueous digitonin, the visual pigments can be obtained in solution 
(Tansley, 1931). However, digitonin also releases other light-absorbing substances present in the 
retina. Little can be done to purify an extract once made. By previously washing the retinae 
with certain reagents, however, some of these unwanted impurities can be removed before 
extraction, Alternatively, the outer limbs of the retinal end organs can be segregated and 
separately extracted. Both methods were used. 

Method 1. Extraction of whole, washed retinae. The retinae, removed as described above, were 
placed in about 3 ml. of the washing solution—Mcllvaine’s pH 4-6 or pH 4-9 buffer solution— 
and gently stirred. The mixture was then centrifuged at 4000 rev/min for 20 min and the super- 
natant washings removed by a micropipette. The retinae were then washed again a variable 
number of times (see Table 1). In one instance the retinae were washed with frog’s Ringer’s 
solution (once only) instead of the acid buffer. In other instances as many as six acid washes were 
used, 

1. Extract preparation details 


Vol. of Total change 
Vol. of buffer vol. of at 526 my 
No. of Timein No.of extractant added extract on 
Extract Date carp dark (hr) washings* (ml.)t (ml.)t (ml.) bleaching§ 
Method 1. Extraction of whole, washed retina 
I 28. xi. 52 10 71 6 2-0+2-0 0-4 4-4 0-13 
Il 16. xii. 52 10 20 6 10+10 0-2 2-2 0-23 
Ill 3. i. 53 8 24 5 10+1-0 0-2 2-2 0-19 
IVR 16. ii.53 Retinal residues 2-0 0-2 2-2 0-084 
left by extract IV 
ure 
Vv 20. iv. 53 vas 2 1-0+0-5 0-15 1-65 0-19 
VI 20. iv. 53 6 1 10+0°5 0-15 1-65 0-22 
Method 2. Extraction of end organ outer segments 
IV 16. ii, 53 9 3 3|| 1-2+1-0 0-3 2-5 0-18 
vil 4. v. 53 5 24 1\j 07 £007 0-77 0-058 
* With MclIlvaine’s pH 4-6 or pH 4-9 buffer solution, except for extract VI when frog’s Ringer's 
solution was used. 


+ 2% digitonin solution. 

} Saturated sodium borate solution. 

§ A measure of the concentration of ve pigment, 

|| The washed retinae were then en with 35% or 40% sucrose solution, as described in 
the text, to separate the outer segments. 


The first washings were white and cloudy (sometimes yellow because of blood pigments), the 
cloudiness becoming progressively less with each operation. Even after six washings the super- 
natants were never completely clear, but the prospect of improvement by a reasonable number of 
additional washings seemed slight. 

After this treatment the retinae were extracted with a freshly prepared 2% aqueous solution of 
digitonin. After centrifuging, the supernatant, containing any visual pigment extracted by the 
digitonin, was withdrawn into a clean tube. The residue was then re-extracted with another 
portion of the digitonin solution and the procedure repeated, the second supernatant being added 
to the first. The combined supernatants were then brought to the desired alkalinity (pH 8-0-8-6) 
by the addition of one-tenth volume of saturated sodium borate solution. 

Method 2. Extraction of end organ outer segments. In this method the retinae were first given a 
preliminary washing with acid buffer as before. This was removed and replaced by 2 ml. of a 35 
or 40%, w/v, sucrose solution. The tube was then briskly shaken. This treatment caused the outer 
segments of the retinal end organs to break away from the retina. On spinning the mixture at 
4000 rev/min the heavier retinal debris separated to the bottom, leaving the outer segments still 
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suspended in the supernatant fluid. This was pipetted off into a clean tube. A second but smaller 
yield was obtained by repeating the procedure with another 2 ml. portion of sucrose solution. 
Then, to each suspension, 4 ml. of pH 4-6 buffer solution were added. As a result of this dilution 
the outer segments were now heavier than the fluid medium and began to settle, a process which 
was speeded up by spinning at 4000 rev/min. The clear supernatants were withdrawn from each 
compacted sediment and discarded. The two yields of outer segments obtained were then washed 
with a little pH 4-6 buffer. After withdrawal of this final washing, the visual pigment was ex- 
tracted with digitonin solution and made alkaline as before. 

In one instance the retinal debris remaining after two such sucrose flotations was extracted with 
digitonin. The resulting solution (extract IV R) contained a considerable amount of photosensitive 
material, showing that not all the outer segments had been disengaged from the retina by two 
sucrose treatments. 

RESULTS 
Absorption spectra and storage stability of the extracts 
The visual pigment solutions were prepared between November 1952 and 
May 1953; five of them (extracts I, II, III, V and VI) by extraction of washed 
whole retinae, two (extracts IV and VII) by extraction of isolated outer 
segments, and one (extract IV R) by extracting the denuded retinal debris of 
extract IV. 

The extracts were stored in darkness in a refrigerator (about 3° C) and were 
spun at 4000 rev/min on each occasion before withdrawal of a sample for 
experiment. 

Absorption spectra are shown in Fig. 1 (A—D) in which the optical density 
of typical extracts is plotted as a function of wave-length. Fig. 1A shows the 
absorption spectra of an extract (VI) made from whole retinae which had been 
washed only once before extraction. In addition to the broad maximum at 
500-505 my, the absorption curves also possess a sharp maximum at 407 muy. 
This is probably due to the presence of a haem pigment and resembles a 
similar peak found with extracts of inadequately washed tench retinae 
(Dartnall, 1950, 1952a). Another extract (extract V) in which the whole 
retinae were washed only twice before extraction also had this peak. 

Typical of extracts of adequately washed whole retinae are the curves in 
Fig. 1B. This extract (I) was prepared from whole retinae which had been 
washed 6 times before extraction and has a single maximum close to 520 my. 
There is no trace of the 407 my peak and this was also the case for extracts II 
and III in which the retinae were washed 6 and 5 times respectively before 
extraction. 

Fig. 1C shows absorption spectra of an extract (IV) made from isolated 
outer segments. The maximum is at 520 my in this case also, but the curves rise 
somewhat less steeply at the extreme short wave-length end of the spectrum 
indicating that the extract was slightly freer from yellow impurities, This small 
improvement is well demonstrated by comparison with Fig. 1D, which shows 
the curve for an extract (IVR) made from the segment-denuded debris of 
extract IV. 
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For the first few days after preparation, the extracts became clearer by 
precipitation of a colourless material which, in suspension, had caused them 
to be opalescent in varying degrees. This is illustrated in Fig. 1 by the absorp- 
tion curves of samples of different age. Thus, considering Fig. 1B there was 


Extract | 
@ 3-day-old sample 
4day-old sample 
x 7-day-old sample 
+ 12-day-old sample 


Optical density (05 cm path) 


@ 1-day-old sample 
O 21-day-old sample 


i 


= Extract IVR 
23-day-old sample 


400 450 500 


Fig. 1. Absorption spectra of representative digitonin extracts of: A, whole retinae after one 
washing; B, whole retinae after six washings; C, separated retinal outer limbs; D, retinal 


550 600 
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Wavelength in mu 


debris remaining after removal of outer limbs. pH 8-8-6, 7’ =20° C. 


a marked fall in density (approximately equal at all wave-lengths) up to the 
4th day, but little change thereafter. Because of this phenomenon, which is 
new in our experience, the solutions were aged before use in the more critical 
or longer experiments. It was found that solutions aged at 3° C for as long as 
35 days showed no measurable loss of photosensitive pigment and no apparent 
alteration in properties. These aged solutions had the essential advantage of 


_ absolute thermal stability for long periods. 
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: Behaviour on exposure to light 
Anomalous shape of the carp difference spectrum 
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In the upper half of Fig. 2 (redrawn from Dartnall, 1952a) are shown the 
absorption spectra, before and after total bleaching, of an extract of pike 
retinae. The difference between the unbleached and bleached curves, gives the 
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Dartnall, 1952a); carp extract I, pH =8-16, 7’ =20° C. 


400 500 600 


Fig. 2. Comparison of the absorption spectra of pike and carp extracts, before and after bleaching 
by white light. The interrupted lines are to facilitate comparison of the two difference spectra 
(shown by the dotted curves). ©, measurements made consecutively from 380 to 680 my; 
@, return measurements from 610 to 390 mp. Pike extract, pH =8-24, 7 =20° C (after 
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changes in density on bleaching and is not complicated by the presence of 
stable impurities since these contribute equally to the absorption both before 
and after bleaching. In this instance the difference spectrum shows that, on 
bleaching, density is lost maximally at 535 my and gained maximally at 
405 mu (owing to the formation of a photoproduct). Such behaviour is 
generally accepted as typical of porphyropsin (visual violet) (Wald, 1939). The 
pike retinal extract was shown by Dartnall to contain only one photosensitive 
pigment. The same pigment was also — in tench and bleak (Dartnall, 
1952a, 19525). 

In the lower half of Fig. 2 are plotted the results of a precisely similar experi- 
ment but with an extract of carp retinae. In this case the difference spectrum 
has a maximum at 525 my and is displaced towards shorter wave-lengths by 
comparison with that for the pike. 

Since both extracts were stable, both before and after bleaching, these 
differences cannot be ascribed to thermally unstable impurities. In view of 
the identical experimental conditions there seem only two likely reasons for 
the discrepancy. The carp extract might contain, in addition to visual violet, 
another light-sensitive component with maximum absorption at short wave- 
lengths. These two pigments bleaching together could then yield a displaced 
difference spectrum. The alternative explanation is that the carp difference 
spectrum is due to a single — with properties different from those of 

‘normal’ visual violet. 


The homogeneity of the carp extracts was tested by the method of partial 
bleaching (Dartnall, 19524, 6, 1954). In this method the photosensitive solu- 
tions are bleached in instalments by exposing them to monochromatic lights 
for times (found by trial) to be sufficient to bleach only a fraction of the total 
photosensitive material present. The process can then be repeated by a second 
exposure and so on. Measurements of the absorption spectra are made initially 
and also at every stage until the solution is fully bleached. By studying the 
effect of lights of different spectral locations it is then possible to decide whether 
or not the photosensitive component is homogeneous. 

One such experiment is illustrated in Fig. 3A. Curve 1 shows the original 
absorption spectrum of an unexposed solution (a sample of extract IV). After 
3 hr exposure to violet light (430 my) the absorption changed to curve 2. At 
this stage in the experiment the solution was left undisturbed in darkness over- 
night (18 hr), but this resulted in no significant changes. The solution was then 
exposed to red light (630 my) for 1 hr which caused bleaching to curve 3. This 
was followed by a 1 hr exposure to green light (530 my) which caused further 
bleaching to curve 4. The experiment was again interrupted at this point, 
the solution remaining in darkness overnight (22 hr). During this period 


‘ 
> 
| 
4 
a 
» 
pede 
~_ 


614 F. CRESCITELLI AND H. J. A. DARTNALL 


0-25 


—_ 


0-20 


0-05 
0 
005 — 
be wd 
0 
i 
4 minus 5 
400 500 600 4 


Wavelength in my q 


Fig. 3. A: atypical partial bleaching experiment (carp extract IV, pH = 8-24, 7'=20° C). Curve 
original absorption spectrum; curve 2, after 3 hr. exposure to violet light (430 my)—un- 
changed after 18 hr in darkness; curve 3, after 1 hr further exposure to red light (630 my); 
curve 4, after | hr further exposure to green light (530 my); curve 5, after 22 hr in darkness; 
curve 6, after 10 min exposure to white light; +, observations made after a further 18 hr 
in darkness. O, measurements made consecutively from 380 to 640 mu; @, return measure- 
ments from 630 to 390 my. B: difference spectra, formed from the data of A by subtracting 
the absorption spectrum at any stage from that for the preceding stage. 
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considerable regeneration of the photopigment took place (curve 5). Finally 
the solution was exposed to white light (15 W lamp) for 10 min to complete the 
bleaching (curve 6). The solution was then left in darkness overnight (18 hr). 
Optical density measurements on the following day at 380, 520 and 620 mu 
(+in Fig. 3) then showed that no further changes had occurred. 


Homogeneity of the carp pigment 

Difference spectra can be constructed from the results of Fig. 3A by sub- 
tracting the absorption spectrum at any stage from that for the preceding 
stage. Such curves have an advantage over the difference spectrum obtained 
by complete bleaching in a single exposure. This latter (Fig. 2) merely showed 
that the carp extract is not the same as the pike extract. It did not enable a 
decision to be made whether or not this difference was due to the presence of a 
second pigment in the carp extract. By partial bleachings with suitably chosen 
monochromatic lights, however, it is possible to affect one pigment in a 
mixture more than another with consequent variation in the difference spectra. 
If there is no variation—in spite of changes in the wave-length of light used 
for bleaching—then this is strong evidence that the pigment is truly 
homogeneous. 

The answer is in part provided by Fig. 3 B which shows the various difference 
spectra constructed from the results of Fig. 3A. These difference spectra form 
a family of similarly shaped curves. 

A large number of experiments of the type shown in Fig. 3 were carried out. 
A few results with the less pure extracts had to be discarded because of con- 
current changes in impurities during the bleaching, but satisfactory difference 
spectra by partial bleachings were obtained in twenty-one cases; eight with 
red light (630 or 640 my), one with green (530 my), one with blue (480 mp), 
four with violet (430 ms) and seven with white—these last being the results 
of a final exposure after previous bleachings with monochromatic lights. Each 
of these difference spectra was plotted as a percentage of its maximum. The 
average percentage difference spectrum for each of the red, violet and white 
groups is shown in Fig. 4. The single results from the green and blue bleachings — 
were similar. From the similarity of these difference spectra it is concluded 
that the carp extracts were homogeneous, that is they contained only one 
photosensitive substance. 


Comparison of the difference spectra of the carp pigment and 

of visual pigment 533 
Dartnall’s values (mean of three determinations) for the difference spectrum 
of visual pigment 533 found in pike are shown by the vertical crosses in Fig. 5. 
The same pigment was also found by Dartnall (1952<) in the tench, but in this 
case, unlike the pike, a second photosensitive substance, visual pigment 467, 
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was also present. To avoid affecting this second pigment, Dartnall bleached the 
tench solutions with light of long wave-length. The difference spectrum obtained, 
shown in Fig. 5 by the oblique crosses (mean of five determinations), wastin 
precise agreement with the pike data. 
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Fig. 4. Difference spectra of the carp pigment (pH 8-8-6, 7’ =20° C). O, mean of eight difference 
spectra obtained by partial bleachings with red light (630 or 640 mu); @, mean of four 


difference spectra obtained by partial bleachings with violet light (430 my); +, mean of 


seven difference spectra obtained by terminal bleachings with white light (following previous 
exposures to monochromatic light# of various wave-lengths). 


For comparison, the carp difference spectrum (mean of twenty-one deter- 
minations) obtained in the present investigation is shown by the filled circles. 
This is quite distinct from that of pike and tench in having a maximum at 
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525 mp. The reality of this difference was confirmed in the present investiga- 
tion by preparing a digitonin extract from the outer limbs of the retinal end 
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Fig. 5. Comparison of the difference spectrum of the carp pigment with that of visual pigment 
533. @, difference spectrum of carp pigment, pH 8-8-6 (present investigation, mean of 
twenty-one determinations). Difference spectra of visual pigment 533: ©, tench extract, 
pH 815 (single determination, present investigation); x, tench extracts, mean pH 8-6 
(mean of five determinations, Dartnall, 1952a); +, pike extract, pH 8-24 (mean of three 
determinations, Dartnall, 1952a). All measurements at 20° C. 


. organs of tench. On bleaching this extract with red light (640 my) the 
difference spectrum, shown in Fig. 5 by the empty circles, was obtained. This 
has a maximum at 535 my and is in agreement with Dartnall’s measurements. 
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Effect of prolonged exposure to light 

In all cases so far considered the times of exposure to the bleaching lights 
were relatively short—never more than 3 hr. The results obtained under these 
conditions were all substantially the same (Fig. 4), though minor differences 
were observed—particularly at short wave-lengths—between those curves 
obtained by bleaching with violet light and those by bleaching with light of 
longer wave-lengths. It seemed probable that these differences might be due 
to an action of short wave-length light on the product of bleaching of the carp 
pigment. Accordingly, to give this full play it was decided to investigate the 
effect of prolonged exposure to light. 

For this purpose roughly equal parts of extracts [IV and IVR were mixed 
together to ensure a sufficient supply of constant material. The resulting 
solution was thermally stable, an essential requirement for lengthy experiments. 

After measuring the absorption spectrum of a sample of the solution it was 
exhaustively bleached (95°, of possible density loss at 525 mu) by exposure 
to violet light (430 my) for 21 hr. The changes caused are shown (max. = 100) 
by the circles in Fig. 6A. The solution was then exposed to red light (630 my) 
for 18 hr. Its absorption spectrum was then measured once more. The total 
change after these treatments (crosses in Fig. 6A) shows that the second 
exposure was without effect on the difference spectrum. 

In the second experiment (with another sample) the order of exposures was 
reversed, the exhaustive (100% ) bleaching with red light coming first, followed 
by 18 hr exposure to violet light. In this case the second exposure resulted in 
small density losses confined to short wave-length regions and maximal at 
400-420 my. Because of this the difference spectra in the two cases were not 
quite the same, that obtained by the first exposure being shown as crosses and 
that by the total exposures as circles in Fig. 6B. 

In the third experiment a further sample was exhaustively bleached (99 % ) 
by 2 hr exposure to green light (530 my). This yielded the difference spectrum 
shown by the crosses in Fig. 6C. The solution was then exposed to violet light 
for 18 hr. This caused further small changes, again maximal at 400-420 my, 
the difference spectrum pertaining to the combined exposures being shown by 
the circles in Fig. 6C. 

The possibility that these differences could be due not to the wave-length 
of the bleaching light but solely to thermal changes in the solutions over long 
periods was eliminated by further experiments. These showed that the changes 
occurring on exposure to light of short wave-length were not obtained when a 
solution (extract VII) which had been exhaustively bleached with red light 
was merely kept in darkness for 20 hr. They did occur, however, as the result 
of only 15 min subsequent exposure to a mercury vapour lamp. 

Interpretation. A possible interpretation of the additional density losses 
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caused by exposure to violet light is that the solutions contained a small 
amount of another photosensitive pigment having an absorption maximum in 
the violet and thus insensitive to all but violet light. A more likely explanation, 
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Fig. 6. Dependence of the negative portion of the carp difference spectrum on the wave-length 
of the bleaching light. Extracts IV and IVR mixed, pH 8-2, 7=20°C. A: O, changes 
caused by 21 hr exposure to violet light (430 my); +, total changes caused by this and by an 
additional 18 hr exposure to red light (630 my). B: +, changes caused by 19 hr exposure to 
red light (630 my); O, total changes caused by this and by an additional 18 hr exposure to 
violet light (430 my), data displaced 30 ordinate units from A. C: +, changes caused by 
2 hr exposure to green light (530 my); O, total changes caused by this and by an additional 
18 hr exposure to violet light (430 my). Data displaced 60 ordinate units from A. The full 
lines which pass through the © measurements are the same curve in all three cases. 


however, is that violet light affects the product of bleaching of the carp 
pigment. Hubbard & Wald (1952) observed a similar phenomenon with frog 
visual purple (rhodopsin). When a visual purple solution, which had been 
bleached to completion with orange light, was exposed to white light, density 
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losses occurred, maximally at 410 mu. Hubbard & Wald consider that these 
losses were due to an isomerizing effect of short wave-length light on the photo- 
product of visual purple. 

Regeneration 

A notable feature of the present experiments was the very marked regenera- 
tion which sometimes occurred. Regeneration after bleaching—when it 
-happened—took place spontaneously without the addition of supplementary 
materials. Although a detailed study of this phenomenon was not made, some 
characteristics were incidentally noted. 

Regeneration was more marked in some extracts than others, but was 
observed both in extracts made from rod outer segments and in extracts made 
from whole retinae. In some extracts regeneration was so active during the 
measurement period following a bleaching as to vitiate the experiment. This 
was especially noticeable after bleachings with red light. In other instances a 
long period in darkness was necessary to reveal evidence of regeneration. 

Regeneration difference spectra can, of course, be constructed in the same 
way as bleaching difference spectra. An example (extract IV) was given in 
Fig. 3B (curves 4 and 5). Regeneration of similar magnitude was obtained in 
another instance (extract II) when a solution which had been partly bleached, 
first with red light and then with blue was allowed to stand in darkness over- 
night. The two regeneration difference spectra were very similar and have been 
combined to give the values shown in Fig. 7. The empty circles in this figure 
represent observations made on outward runs (380-620 my), the filled circles 
on inward runs (590-390 mz). They do not quite correspond because of the 
slight regeneration occurring during the measurement perigds. 

For comparison the mean difference spe@trum for all partial bleachings 
(twenty-one cases) is also shown in Fig. 7 (continuous line). The regeneration 
spectrum agrees reasonably well with it, bearing in mind the ‘instability’ of a 
regenerating solution and the fact that the regeneration refers to an overnight 
(18-22 hr) interval and hence includes any changes in this period due to general 
instability. The agreement is better in the ‘positive’ portion (which approxi- 
mates to the absorption spectrum of the carp pigment) than in the ‘negative’ 
portion (which approximates to the absorption spectrum of its photo-product). 
The discrepancies in the negative portions are similar, though more pronounced, 
to those found between the negative portions of the difference spectra obtained 
by bleachings with short and long wave-length light (Fig. 6). This suggests 
that regeneration occurs only from the product of bleaching as first formed and 
not after it has isomerized, and this is supported by the fact that regeneration 
on the whole was more marked after bleachings with long than with short 
wave-length light. 

Some of these properties are opposite to those of frog visual purple 
(rhodopsin). Thus Chase (1937) and Chase & Smith (1939) obtained good 


H 

ond 

J 

j 


A PHOTOSENSITIVE PIGMENT OF THE CARP RETINA 621 


regeneration after bleaching with blue light but practically none at all after 
bleaching with yellow light. This was confirmed by Hubbard & Wald (1952). 
According to their interpretation a bleaching with yellow light leaves the 
retinene, in a form unsuited for regeneration since it does not fit the architec- 
ture of the protein molecule (opsin). On the other hand, bleaching with blue 


400, 500 600 


Wavelength in mp 


Fig. 7. Comparison of the regeneration difference spectrum with the bleaching difference spectrum. 
Full-line curve, mean bleaching difference spectrum; dashed-line curve, regeneration differ- 
ence spectrum (mean of 2): ©, measurements made from 380 to 620 my; @, return measure- 
ments from 590 to 390 my, T7' =20° C. 


light results in the formation of an equilibrium mixture of the various stereo- 
chemical forms of retinene,. Amongst these are two forms which will combine 
with opsin to give ‘regenerated’ pigments, one of which is indistinguishable 
from the original visual purple (A,,,x = 502-503) while the other has an absorp- 
tion maximum at 487 my. 
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In the present instance the carp photoproduct is already suitable for 
regeneration and isomerization results in less active forms. The regenerated 
pigment is apparently identical with the original one. 


DISCUSSION 
Absorption maximum of the carp prgment 
This investigation has shown that the visual pigment solutions—prepared in 
deep-red light from dark-adapted carp by treating either whole retinae, or the 
outer limbs of the retinal end organs, with 2°% digitonin solution—contain one 
photosensitive pigment. 

However, the absorption spectra of the solutions obtained varied con- | 
siderably, according to the proportion of impurities to the visual pigment. 
The impurities were yellow; that is, they absorbed with increasing strength 
towards the short wave-length end of the spectrum. Consequently, the 
absorption maxima of the extracts were always at shorter wave-lengths than 
that of the contained visual pigment. This is illustrated in Fig. 1 which shows 
Amax. Tanging from 500 my for a grossly impure extract to 520 my for the best 
one. 

In contrast to this variation, the difference spectra were all substantially 
the same and had maxima at 525 my within limits of +2 my. The positive 
portion of a difference spectrum (see, for example, Fig. 4) would be the same 
as the true absorption spectrum of the visual pigment only if the product of 
bleaching absorbed in a spectral region so remote from that of the parent 
pigment that there was no overlapping. It is in alkaline solution that the 
product (which behaves as an acid-base indicator) has its absorption band 
_ furthest removed from that of the parent pigment, but even so the separation 
is not complete and there is some mutual distortion. Consequently, the 
positive A,,,, is displaced to a slightly longer wave-length than that for the 
visual pigment while the negative A,,,, is correspondingly displaced to a 
shorter wave-length than that for the product of bleaching. 

Lower and upper limits to the absorption maximum of the carp pigment are 
thus given by the A,,,, of the best extract (520 mu) and of the ‘alkaline’ 
difference spectrum (525 my) respectively. The true value is probably nearer 
the latter figure, say at 523 my. 


Previous work on carp 


It is not always possible to compare closely the results of different workers 
in the visual pigment field since the solutions obtained often vary greatly in 
purity. In the present investigation, however, solutions of a wide range of 
purity were prepared and consequently a basis for comparison has been 
provided. 
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The purity ofan extract can be roughly expressed by the ratio of its density 
at the minimum (465-435 my, Fig. 1) to that at the maximum (500-520 my). 
The purer the extract, the lower is this ratio. In the present experiments it 
ranged from 0-98 to 0°57. In Fig. 8, this Duin /Dmay Tatio is plotted against 
the absorption maximum, each extract providing a series of data because of 
changes with age. It is evident that these parameters are fairly closely corre- 
lated in spite of the different types of impurities present. 

The presence of yellow impurities in a visual pigment solution is not the only 
cause of displacement of A,,,, to shorter wave-lengths. Rayleigh scattering in 
a slightly opalescent solution has a similar effect. According to Collins & 
Morton (1950) the displacement is 1 my when the scattering is such as to raise 
the D,nin./Dmax, Tatio to between 0-33 and 0-45, 2 my if the ratio is raised to 
0-45-55, and 3 my if it is raised to 0-56-0-63, These limits are shown in Fig. 8 
by the vertical bars and they accord with the present data. 

In 1896 Kéttgen & Abelsdorff, using bile salts, prepared visual pigment 
solutions from eight species of fresh-water fish. In their investigation they 
determined difference spectra directly, that is by measuring the densities of 


unbleached solutions with reference to those of bleached ones. All fish 


examined, among which was the carp, yielded similar difference spectra with 
maxima at 540 mu. Unfortunately, the pH of Kéttgen & Abelsdorff’s solutions 
is not known and hence no comparison with the present difference spectra is 
possible. 

Forty-two years later the carp was again examined, by Saito (1938). Visual 
pigment solutions (pH not stated) were prepared with sodium glycocholate by 
two methods, the first by preliminary isolation of the outer limbs of the retinal 
end organs by flotation in sucrose solution (this being the original demonstra- 
tion of the method), the second by direct extraction of the retinae. The first 
method yielded a solution with Amax.=515 my and the second, one with 
Anax.=520 my. Both solutions had D,,;,, tatios of 0-70. Saito’s results 
are shown in Fig. 8 by the vertical crosses. 

The most recent previous investigation was that of Wald (1939) who pre- 
pared a neutral solution by treating carp retinae, which had been hardened 
in alum, with 1% digitonin solution. His extract had Amax.=520 mp and a 
Dyin./D max. tatio of 0-65. Wald’s result is shown in Fig. 8 by the diagonal cross, 

Thus, as shown in those cases (Saito, 1938; Wald, 1939) where a direct com- 
parison is possible, the carp solutions prepared by previous workers seem to 
have been similar to those of the present investigation. 


Porphyropsin (visual violet) 
It is reasonable to suppose that the relationship shown in Fig. 8 between the 


Dein./D max. ratios and the absorption maxima of carp extracts will hold good 
for visual pigment extracts made from other fish, provided the same visual 
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pigment is involved or, at least, if its absorption characteristics are not very 
different from those of visual pigment 523, the carp pigment. It may not hold, 
of course, if the extract contains more than one visual pigment. 


10 


07 


“2. -5 0 +5 
Displacement from visual pigment in mp 


500 505 510 515 520. 525 530 535 
Amex. in my 
Fig. 8. Relation between the ‘purity’ of retinal extracts (D,,,/Du,., ratios) and the A,,.. 
O, carp extracts of the present investigation; +, Saito’s carp extracts (Saito, 1938); x, 
Wald’s carp extract (Wald, 1939); J, Collins & Morton’s (1950) limits; @, difference spectra 
maxima (present investigation). 
Tas_eE 2. Calculation of the A,,,, of visual pigments from 


the data of im extracts 

of 

displacementt pigment 

pigmen 
Fish Reference (mp) (my) (mp) 
Carp (Cyprinus Saito, 1938 0-70 515 5 520 
carpto) 0-70 520 5 525 
Carp (C. carpio) Wald, 1939 0-65 520 4 524 
Carp* (C. carpio) This work 0-98-0-57 500-520 23-3 523 
Perch (Perca Collins & Morton, 0-82 524 9 533 
fluviatilis) 1950 0-74 528 6 534 
0-83 520 9 529 
Pickerel (Zsox Wald, 1939 0-77 525 7 532 

reticulatus) 

Pike (2. lucius) — & Morton, 0-86 525 10 535 
Pike* (2. lucius) Dartnall, 1952a 0-58 530 3 533 


pigment. 
+ See Fig. 8. 
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To facilitate the use of Fig. 8 in this connexion an inset wave-length scale 
has been provided. This is scaled in my displacements from the pigment 
maximum. 

An example of the use of Fig. 8 is as follows. Dartnall (1952a) found that a 
visual pigment solution prepared from pike retinae contained a single, homo- 
geneous pigment. The alkaline difference spectrum of this pigment had 
Amax. = 535 from which Dartnall deduced that the Amax. of the visual pigment 
was 533 mu. Now Dartnall’s extract had A,,,, =530 and = 0°58. 
From Fig. 8, an extract with this ratio has its Amax. displaced by 3 mp con- 
firming 533 my as the Amax. for the visual pigment. Again, Collins & Morton’s 

1950) extract from pike retinae had Amax.=525 my and Dmin./Dmax. = 0°86. 

m Fig. 8 the displacement in this case is 10 my, giving the closely agreeing 
value of 535 my for the pike pigment. These and some further examples are 
tabulated in Table 2. : 

According to Wald (1939), porphyropsin, the visual pigment of fresh water 
fish, has an absorption maximum at 522 + 2 mu. This estimate is based on the 
absorption spectra of extracts from five species—the white perch, the calico 
bass, the blue gill, the carp and the pickerel. In all cases the absorption spectra 
were roughly the same. 

At first sight it might appear that these five species all contained the same 
pigment as carp (visual pigment 523) and that by an accident no species was 
examined which had visual pigment 533. However, the Dmin./Dmax. ratios 
of Wald’s extracts ranged from 0-51 to 0-77 and allowance must be made for 
this variation. The pickerel solution, for example, with Amax.=525 mp had 
Dmin./Dmax.=9-77. Adding 7 mp, the displacement correction appropriate 
for this ratio (Fig. 8), we obtain 532 my as the Amax. for the pickerel pigment. 
Wald’s carp data, on the other hand, agree with the present work (visual pig- 
ment 523). These calculations suggest that Wald’s porphyropsin solutions 
may have included examples of visual pigment 533 as well as of visual pigment 
523. A further reason for suspecting this is the statement (Wald, 1939) that 
the difference spectrum obtained by bleaching neutral porphyropsin had a 
maximum at 535-540 my, a property suggestive of visual pigment 533 rather 
than of visual pigment 523. 


Conclusion 

This and previous investigations (Dartnall, 1952a, 6) show that the main 
visual pigment of the fresh-water fish so far examined occurs in at least two 
forms; visual pigment 533, present in tench, pike and bleak, and visual pig- 
ment 523 in the carp. In some cases (pike and carp) the relevant pigment occurs 
alone; in others (tench and bleak) in admixture with relatively small amounts 
of other pigments. 

This conclusion does not necessarily conflict with Wald’s conception that all 
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the visual pigments are related either to vitamin A, or to vitamin A,. It is 
possible to envisage a variety of combinations of proteins with those carote- 
noids which are structurally related to one or other of the vitamins A. The 
characterization of the visual pigments by their absorption spectra (rather 
than by the decomposition products of their carotenoid fractions) is of in- 
terest, if only from the viewpoint of interpreting visual sensitivity curves. 
Much further work with many species—particularly in those cases where the 
retinal extracts contain more than one pigment—will be necessary before this 
field is adequately explored. 


SUMMARY 


1. Visual pigment solutions have been prepared from dark-adapted carp 
by treating either whole retinae or the isolated outer limbs of the retinal end 
organs with 2% digitonin solution. The resulting solutions had Amax. ranging 
from 500 to 520 mu, depending on the proportion of yellow impurities to 
visual pigment. 

2. The solutions (pH 8-8-6) were investigated by observing the changes 
in their absorption spectra which occurred when they were bleached; either 
to completion by a single exposure or, in a number of stages, by a succession 
of exposures to light. Whether white light or approximately monochromatic 
lights of dominant wave-lengths 640, 630, 530, 480, or 430 my were used, these 
changes (difference spectra)—when scaled to the same maximum (100)—were 
all practically the same. From this it has been concluded that the solutions 
contained a single photosensitive pigment. 

3. The carp pigment—visual pigment 523—is distinct from that (visual 
pigment 533) found in certain other fresh-water fish. 
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ANOXIC DEPRESSION OF THE MEDULLA IN THE 
NEW-BORN INFANT 


By K. W. CROSS, J. M. D. HOOPER ann JOSEPHINE M. LORD 


From the Physiology Department, and the Paediatric Unit, 
St Mary’s Hospital Medical School, London, W. 2 


(Received 5 May 1954) 


Previous work (Cross & Oppé, 1952) has shown that when the oxygen in the 
inspired air is reduced to 15%, the infant, like the adult, responds by an 
increase in the minute volume of respiration; but, unlike the adult, the infant 
does not maintain this response. If in such an experiment the infant is given 
pure oxygen after the 15% has ceased to produce an apparent response, there 
is an immediate and marked diminution in the minute volume. On this 
evidence it was suggested that the infant has an active chemoceptor reflex 
but that this becomes ineffective in maintaining hyperventilation when anoxia 
is continued beyond 2 min, because the medulla has become unresponsive to 
the stimuli it is receiving. 

It was decided to test the hypothesis that mild anoxia produces medullary 
depression in the new-born infant by attempting to stimulate the medulla 
under normal conditions and when the infant was hypoxic. To do this carbon 
dioxide was given first in air and then in a 15°% oxygen/85% nitrogen mixture. 
This work has been briefly reported (Cross, Hooper & Lord, 1953). 


METHODS 


Normal full-term infants and healthy premature infants (less than 2-5 kg birth weight) from the 
Maternity Department, Paddington Hospital, were examined in the body plethysmograph 
(Cross, 1949). After 20 min or more of rest in the plethysmograph and if the infant had settled 
to quiet sleep, the required gas mixture was passed over the infant’s face in a chamber as pre- 
viously described (Cross & Warner, 1951). During the first 5 min of the experiment (control 
period) air from a compressed air cylinder was led through a humidifying bottle to a chamber 
covering the baby’s face. Other gas mixtures were given as required through the same bottle. 
Many of the babies remained quiet for the whole of the experimental period of 15 or 20 min, but, 
if a baby became restless or cried, results were only accepted for the earlier part of the experiment 
recorded during quiet sleep. 

From each baby a record of minute volume, respiratory rate and tidal volume was obtained. 
The effects on respiratory rate and tidal air were not strikingly different from what would be 
expected with the minute volumes recorded, and for the sake of brevity these have been omitted 
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from this report. The changes in minute volume in each individual baby have been expressed as 
percentages of the average minute volume during the control period. With the exception of Figs. 6 
and 7, in which individual changes are shown, the tables and figures refer to average changes for 
groups of babies and the percentage effects can thus be compared. The statistical methods used are 
similar to those described previously by Cross & Warner. Although the results from premature 
and full-term infants have been separately analysed they are here presented together because 
there were no significant trends of difference between the two groups of babies from the point of 
view of the subject of this communication. 


RESULTS 
Table 1 shows the different experiments performed and the number of subjects 
and tests in each type of experiment. The same baby was used as frequently as 


possible for different experiments but only inadvertently for a reduplication 
of the same experiment. 


TasLe 1, Experiments performed and number and type of subject used for each experiment. 


Experiments under 1 A have been previously reported (Cross, Hooper & Oppé, 1953). Each 
gas mixture was given for 5 min unless otherwise stated. 


Premature Full term 
No. of No.of No.of No.of Total 
Expt. subjects expts. subjects expts. expte. 
1A, 2 18 21 23 23 44 
1B. 1 22 22 23 23 45 
10. Air—> 15% 18% 00, CO,>air 22 22 20 42 
2A. Air— 10 min 0-5 11 ll ll ll 22 
2B. Air 10 min ie O, in N,— air 13 13 31 31 44 
20. 15% 15% 0,4+05%CO,->air 9 10 32 34 44 
241 


Total 70 99 107 142 


Experiment 1. 2% CO, 
1A. Air + 2% CO, in air > air (44 tests) 

See Fig. 1 A. These results were reported previously (Cross, Hooper & Oppé, 
1953), and only differ here in that the results for premature and full-term 
infants are shown combined together. From Fig. 1 A one can see that there is 
an immediate response to 2° CO, when administered in air, but the response 
does not appear to become maximal until the 4th minute. 


See Fig. 1B. It will be observed that the apparently maximal response is 
rapidly reached and that from the 2nd to the 5th minute of CO, administration 
there is no notable increase in the minute volume of ventilation. 


1C. Air + 15% 0,4+85% N, > 2% CO, +15% O, in 83% Ny — asr (42 tests) 

See Fig. 1C. When 15% O, is given after air there is a characteristic 
temporary increase in the minute volume of respiration which in this series 
lasts for 3 min. When 2% CO, is added to the low oxygen mixture the minute 


1B. air + 2% CO, +15% O, in 83% N, — (45 tests) 
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volume of respiration rises more slowly towards a maximum value than it did 
in either of the two previous groups of experiments. 


$0- Air 2% CO, in air Air 
A 
40h 
0 i 


Air 2% CO, in 15% O, Air 


20+ 
\ 
Air 15% 0, 2% CO, in 15% O, Air 


j 
5 10 15 20 
Time in minutes 
Fig. 1. A: —@— shows the percentage increase of minute volume in a group of forty-four experi- 
ments on full-term and premature babies who received air, 2% CO, in air, and air, each gas for 
a period of 5 min. The points represent mean values and the vertical lines the 95 % confidence 
limits of the mean. B: - - - @ - - - shows the results of forty-five experiments in which the 
test gas was 2% CO, + 15 % oxygen in 83% nitrogen. C: - - - © - - - shows the results of forty- 
two experiments in which the test gases were, first, 15% oxygen in 85% nitrogen and then 
2% carbon dioxide + 15% oxygen in 83% nitrogen. 


From these results it was presumed that 2% CO, was such a powerful 
medullary stimulant that it was able in a few minutes largely to overcome the 
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anoxaemia produced by the 15%, O,, and it was not possible to devise experi- 
ments like those of Nielsen & Smith (1951) where, by an ingenious technique, 
the alveolar partial pressure of O, (and hence presumably the arterial pO,) was 
kept almost constant with a varying concentration of CO, in the inspired air. 
For this reason it was decided to proceed with experiments using only 
0-5 % CO,. This has already been shown to give an increase in minute volume 
in the new-born infant of about 10%, which is comparable to the early 
stimulatory effect of 15% O,. 


Experiment 2. 0-5% CO, 

In the second group of experiments the effect of adding 0-5% CO, in air 
(Fig. 2A) was compared with the effect of adding 0-5% CO, to 15% 0, 
(Fig. 2C). In the first experiment each baby breathed air for 5 min and then 
0-5% CO, was added for 10 min, and lastly a final control period of 5 min, on 
air alone was recorded. In the experiment combining the effects of low O, 
and 0-5°% CO, the experiment was divided into four experimental periods of 
5 min each, In the first period the baby breathed air alone, in the second he 
breathed 15% Og, in the third 15% O, with 0-5% CO, and in the final period 
air once more. A further control experiment was necessary to show that 
15% O, alone did not alter the respiratory minute volume from normal values 
on air (apart from the initial period) even if it was continued for 10 min 


(Fig. 2B). 
2A. Air + 10 min 0-5% CO, tm air — air (22 tests) 
Fig. 2A shows that with this gas mixture from the 2nd to the 10th minute 


there is a significant rise of minute volume above the control values and this 
increase is maintained at around 10%. 


2B. Air + 10 min 15% O, in 85% Ny — aur (44 tests) 

See Fig. 2B. Previous experiments had consistently shown that in the 4th 
and 5th minutes of 15°, oxygen administration the minute volume always 
returned to approximately normal values. It had been assumed (on other 
evidence) that the initial hyperventilation had not been maintained because 
of hypoxic depression of the medulla, but it is conceivable that the 2 min 
hyperventilation had so lowered the arterial partial pressure of CO, that the 
subsequent hypoventilation was due to hypocapnia. If this explanation were 
correct, there would presumably be a secondary episode of hyperventilation 
if the low oxygen administration were continued for a longer period and these 
experiments were undertaken to exclude this possibility. It will be seen that 
once again the minute volume is increased for the first 2 min of low oxygen 
administration and from the 2nd to the 10th minute the average values 
obtained do not differ significantly from the control levels on air. It is of 
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considerable interest to note that in the final control period on air there is a 
marked diminution of minute volume for the first 2 min. This change would 
| appear to be similar to that noted previously (Cross & Oppé, 1952) when 100% 


Air 


Air 


05% CO, in air 


Air 


15% O,+85% N, 


05% CO,+15% O, 


15% O,+85% N, 


+845% N, 


5 


10 


15 30 


Time in minutes. 

Fig. 2. A: —@— shows the percentage change of minute volume in twenty-two experiments 
when the infants were given 0-5% carbon dioxide in air for 10 min, Other conventions as 
in Fig. 1. B: x—x shows the results of forty-four experiments in which 15% oxygen with 
85 % nitrogen was given for 10 min. C: ---©@ --- shows the results of forty-four experiments 
when 15% oxygen with 85 % nitrogen was given for 5 min, followed by 0-5 % carbon dioxide 
in 15% oxygen and 84-5% nitrogen. 


oxygen was administered after a period of hypoxia. The administration of 
normal air would appear to have diminished the chemoceptor drive of the 
medulla and the low level of purely ‘medullary’ respiration was revealed. 
Unlike the occasions when 100% oxygen was given after 15° oxygen, there 


is no subsequent hyperventilation. 


= 
A 
+10 
0 
—10 
Air Air 
4 
/ 
= Air 
—10 & 


ANOXIC DEPRESSION IN NEW-BORN 633 


20. Air > 15% O, m 85% N, + 15% 0,4+0-5% CO, in 845% N, > air 
(44 tests) 

See Fig. 2C. In the 5 min of 15% oxygen administration the pattern of 
respiratory behaviour is very similar to that found in previous experiments, 
although the minute volume falls to 94-5°% of control value (P < 0-05) in the 
5th minute. When 0°5% CO, is added to the low oxygen mixture, there is an 
apparent tendency for the minute volume to rise but it is never significantly 
raised above the control levels recorded on air. When air is again given we see 
that the minute volume is lowered significantly below normal values for only 


‘1 min. Presumably CO, retention in the previous 5 min nullifies effects due 


to diminishing chemoceptor stimulation of the medulla. 


DISCUSSION 


Table 2 gives the values obtained in the Ist and 2nd minutes and also the 4th 
and 5th minutes (combined) of the experiments when 2° CO,was administered. 
The 4th and 5th minutes of CO, administration have been chosen to give the 
nearest approximation to a ‘steady state’ on this gas mixture. Fig. 3 affords 
a comparison for the period when 2°% CO, was given in these three different 
types of experiment. 

TaBLe 2. The results of 2% CO, administration obtained in the lst and 2nd minute and also the 


4th and 5th minute combined. The numbering of the minutes is in accordance with times 
1A is 2% CO, in air. 
5 within indi 


The results of the vidual minutes ase 
only shown where there is a cant difference. 
1A 1B 1c 1A 1B 1C 1A 1B 1c 
: 14 14 14 
Minute ll ll il 12 12 12 and and and 
15 15 15 
No. of 43 44 41 40 43 37 41 42 39 
experiments 
min 1115 1219 1358 1277 1576 1454 1491 
volume 
Standard 16-43 1589 2023 21:10 1681 1935 39-44 2401 21:35 
deviation 
3-000 2-716 — 3-448 — — — 
P <0-01 <0-01 — <0-001 — — — 
Conclusion IB>1A_ I1B>I1C 1B>1C — 


It will be seen that in the 1st minute of administration of 15% oxygen with 
2% CO, the minute volume is significantly greater than when the same dose 
of CO, is given either in air or in 15% O, after preceding hypoxia. Again, in 
the 2nd minute this difference is maintained for the acute as compared with 
the longer lasting hypoxia, but here the carbon dioxide in air gives a ventila- 
tion which does not differ significantly from that of either of the two hypoxic 
experiments. In the latter part of the experiment, although the minute volume 
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with CO, in air is greater than either of the minute volumes obtained with CO, 
in low oxygen there are no statistically significant differences, and it would be 
improper to draw any conclusions from this result. Shock & Soley (1942) found 
in adult male subjects that, on an average, 2% CO, in 12% O, produced 
a stimulation of ventilation which was the algebraic sum of the increases 
noted for 2°% CO, in air together with that for 12% O, in N,. The results 
obtained with the babies in the 1st minute of CO, administration agree with 
this finding. 


Key 

70}. —®— 2% CO, in air preceded by air 
--®-— 2% CO, in 15% O, preceded by air 
GO ----O---- 2% CO, in 15% O, preceded by 15% O, 


al 
10 
‘ 11 12 13 14 15 
Time in minutes 


Fig. 3. Direct comparison between the results shown in Fig. 1 for the period when 2% carbon 
dioxide was administered in air or in 15% oxygen. Symbols and conventions are as in Fig. 1. 


When we examine the results obtained with 0-5% CO, given during the 
administration of 15°, O,, there is certainly no longer evidence of summation 
of the two stimuli, and it is now necessary to examine the results obtained in 
order to see whether the hypoxia has substantially inhibited the normal effect 
of the carbon dioxide. It can be seen from Fig. 2 that 0-5°% CO, in air has 
an apparently greater effect in increasing the minute volume than has the 
same dose of CO, given in 15% O,, but it is necessary to make a direct com- 
parison. Fortunately a direct comparison can be made as the minute volume 
on 15% O, falls, by the end of 5 min, to essentially normal (control) levels. 
In Fig. 4, where Figs. 2A and 2C are superimposed, one can observe the effect 
of giving CO,, with and without hypoxia, and Fig. 5, where Figs. 2B and 2C 
are superimposed, affords a direct comparison of the effect of hypoxia with 
and without CO,. A clear-cut difference in the 11th to 15th minutes of the 
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first pair of experiments (Fig. 4) would, of itself, be sufficient to establish the 
presence of medullary depression by hypoxia: the degree of this depression 
(if present) would be recognized as complete if it were shown (Fig. 5) over the 


Air 18% 0,+85% i 


05% CO, in air 


012345 6 7 8 Y 1 114 12 13 14 15 16 17 18 19 20 
Time in minutes 
Fig. 4. Direct comparison between two of the groups of infants shown in Fig. 2. —@—, 05% 
carbon dioxide in air, and - - -@---, 05% carbon dioxide in 15% oxygen and 845% 
_ nitrogen after 5 min of 15% oxygen and 85% nitrogen. 


05% CO,+15% O, 
Air 15% O,+85% N, +845%N, 
+20 - 15% O, in 85% N, 
<—10} 
ae 
01234 5 6 7 8 Y 0 11 12 13 14 15 16 17 18 19 20 


Time in minutes 
Fig. 5. A comparison between a group of infants receiving 15% oxygen in 85% nitrogen for 
10 min (— x —) and the other group receiving the same gas for the first 5 min, followed by 
05% carbon dioxide in 15% oxygen and 84-5% nitrogen (- - - © - - -). 


same period that there was no difference in any individual minute, whether | 
CO, were given to the hypoxic infant or not. Taking each individual minute 
of the period when 0-5% CO, was given in 15% O, it is seen from Fig. 4 that 
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there is some considerable overlapping of the confidence limits, indicating that 
the differences observed are not all significant. So to complete the comparison 
and to obtain a more accurate picture of the responses of the babies the results 
of individual minutes have been averaged as in Table 2, where there has been 
something approaching to a ‘steady state’. For this purpose minutes 9 and 10 
and also 13 to 15 have been used as a basis of calculation. They were chosen 
after inspection of Fig. 2, and seem to be the nearest one can get to this ideal 
situation of the body state in a subject so irregular in its behaviour as the baby. 
In Table 3 the results of the experiments so calculated are shown and the com- 
parisions made between the relevant periods. In making the comparison 
between CO, in air and CO, in 15% O,, a difficulty arises because the carbon 
dioxide was given for 10 min in air and for only 5 min in low oxygen, and so 
both possible comparisons have been made, that is CO,+15% O, compared 
with CO, in air for both the 9th and 10th minute and with the same gas from 
the 13th to 15th minute. It will be seen from the results of the ‘t’ tests re- 
corded in Table 3 that CO, in air gives rise to a significantly greater minute 


TaBie 3. The average results in selected minutes of Expt. 2. 2A is 0-5% CO, in air, 2B is 
15% O, for 10 migy 2C is 15% O, followed by 0-5% CO, in 15% O,. The numbering of the 
minutes is as shown in Figs. 2,4 and 5. The results of the relevant ‘t’ test are shown both where 
the differences are significant and insignificant. 


2A 2B 2C 2A 2B 2C 
Minute 10 9and1i0 10 13 to 15 13 to 15 13 to 15 
No. of experiments 22 44 44 18 38 £0 
— minute 112-5 . 1001 96-3 1123 99-00 102-4 
volume 
Standard deviation 12-20 13-18 15-17 8-48 15-43 15-77 
paring 2Aand2C 2B 2C 2A and 2C 2B and 2C 
Student's ‘t’ test 4-347 1-264 2-506 0-961 
<0-001 0-2-0-3 <0-02 0-0-3 
Conclusion 2A>2C 2A>2C 


Comparing 2A (9th and 10th minute) with 2C (13th to 15th minute) ‘t’ =2-603, P <0-02 
Comparing 2C (9th and 10th minute) with 2C (13th to 15th minute) ‘t’ =1-803, P 0-1-0-05 


volume than the same dose of the gas in the presence of 15% O, (P< 0-001, 

P<0-02). Further, there is no evidence from these figures analysed in this 

way that in fact the CO, exerts any stimulating effect when administered in 

- O,, when the results are compared with other babies receiving 15% O, 
one. 

Although the average effect of 0-5° CO, in 15% oxygen has now been 
assessed it is still possible, by looking only at average results, that some trend 
of response has been missed which would have been observed if we examined 
the effect on individual babies. Thus it might be that a baby whose respiration 
became considerably depressed after the 4th minute of 15% oxygen might 
show no response to carbon dioxide, while another baby, whose respiration 
had not been notably altered, might show a vigorous response. In Fig. 6 we 
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see the results in Expts. 2A, 2B and 2C on all those babies from whom a com- 
plete experiment was obtained, that is to say who had not become restless 
before the 8th to 10th minute on the test gas. It will be observed that there is 
no particular trend of response to 0-5 °%, CO, after hypoxia compared with the 
effect of hypoxia alone. There is a very wide statter of results which contrasts 
markedly with the results obtained when 0-5% CO, is given in air. (Also 
shown in Fig. 6.) 


—— Full-term infant 


---------- Premature infant 


% change in minute volume 
=] 


Control 4th and Sth min @th-10th min Concrot 4th and Sth min @th-10th min Control 4th and Sth min 
in air in 15% Or in1S%O, inair in 15% in1S% 0, in air in 05% CO, min in 
405% CO, 05% CO, 
Fig. 6. The percentage change in minute volume of individual infants in the three series of experi- 
ments as indicated in the figure. The full-term infants are represented by continuous lines 
and premature infants by dotted lines. Thirty-eight infants received 15% oxygen for 10 min, 
forty infants received 15% oxygen for 5 min and 0-5% carbon dioxide + 15% oxygen in 
84-5 nitrogen for the subsequent 5 min, and eighteen infants received 0-5% carbon dioxide 
in air for 10 min. These numbers are less than the babies who were initially in the experiments 
and represent those which had remained quiet until the end of the administration of the test 


gas. 


As a final test to discover whether a baby who had received 0-5% CO, in 
15% O, showed a definite tendency to increase its minute volume more than 
did a baby who continued to receive the unadulterated low oxygen mixture, the 
correlation coefficients of the paired observations of the 4th and 5th minute 


and 8th to 10th minute were calculated on individual babies. The correlation 


coefficients for 2B and 2C were r=0-810, r=0-781 (P< 0-001 for both). The 


tegression lines were calculated by the method of least squares, and it was 


—20 
™~ 
— 40 
{ 
4 
| 


638 K. W. CROSS AND OTHERS 


found (Fig. 7) (as would be expected from the means), that the regression line 
for the babies who received 0:5 % CO, +15% O, was raised above that for the 
babies who continued on 15% O, only. However, the two lines do not differ 
significantly from one another, nor are their slopes significantly different, thus 


160 


3 


8B 
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8 
T 


Minute volume during min 8-10 in 15% O, or 05% CO, in 15% O, 
3 


1 i n L 1 
60 70 8 90 100 110 120 130 140 150 160 
% normal 
Minute volume during min 4 and 5 in 15% O, 


Fig. 7. -O shows a comparison between the minute volume at the 4th and 5th minute of 15% 
oxygen administration compared with that at the 8th to 10th minute of administration of the 
same gas. The dotted line is the calculated regression line of the 8th to 10th minute on the 4th 
and 5th minute., @ shows a similar comparison for the babies on the 4th and 5th minute on 
15% oxygen and the 8th to 10th minute on 0-5 % carbon dioxide in 15% oxygen and 84-5% 
nitrogen. The continuous line is the calculated regression line of this group. 


there is no evidence that the CO, has an effect on the group as a whole, nor on 
those babies who were either markedly depressed or continued to be stimulated 
by the hypoxia. 

This work seems to confirm the view that hypoxia acts only temporarily as a 
respiratory stimulant in the new-born baby because the medulla becomes very 
early depressed even with an oxygen mixture as high as 15%. Similar 
respiratory depression has been demonstrated in animals with low 0, when 
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they were anaesthetized and the chemoceptor nerves were cut (Selladurai & 
Wright, 1933), but does not occur in the conscious adult human subject even 
when the oxygen percentage in the inspired air is approximately 6° (Nielsen 
& Smith, 1951). It should not be concluded from this work that such mild 
anoxia as 15%, O, would prove lethal to the baby. These results are on the 
resting baby, and if O, in the inspired air is temporarily lowered further one 
observes not only cyanosis but also restlessness, which is accompanied by 
hyperventilation and may be a protective phenomenon. It is desirable that 
the evidence submitted here should direct more attention to the ability of 
young animals to undertake anaerobic metabolism, as was first hinted at by 
Paul Bert (1878) when he showed the long survival time of new-born mice in 
nitrogen. This has recently been reviewed by Himwich (1953). 


SUMMARY 


1. The effect on the respiratory minute volume has been compared in groups 
of full-term and premature infants who have received 0-5°% CO, and 2% CO, 
in air and in 15% O,/N, mixtures. 

2. Asin the adult, the stimuli of low O, and 2°, CO, summate if the 2% CO, 
is given coincidently with the low oxygen mixture after the subjects have been 
breathing air. 

3. If 0-5% CO, is given in low oxygen after the infant has already been 
receiving low oxygen, there is no significant response to the carbon dioxide. 

4. It is concluded that after 5 min administration, 15% O, acts as a 
medullary depressant in the new-born baby. } 


Once again we are indebted to many for helping us to undertake this work. Financial support 
came from the M.R.C. research grant to Prof. A. St G. Huggett until October 1951 and since then 
has been from a research grant from St Mary’s Hospital Research Fund. We have had excellent 
technical assistance first from Mr T. R. Nichols and later from Miss Jennifer A. Lowe. We have 
received most kind co-operation from the sisters and nurses of the Maternity Department, 
Paddington Hospital, Harrow Road, and we would like to thank the Management Committee 
for permission to do this work, and Miss Amy Fleming, Mr J. P. Erskine and Dr Reginald Light- 
wood who were in clinical charge of the patients examined. 
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Water-metering device which simultaneously operates and 
measures the output of a blood pump. By I. pz Buren Daty. 
Institute of Animal Physiology, Babraham, Cambridge 


A low-output blood pump of small blood capacity was a for the control 
and measurement of arterial volume inflow. 

Blood pump. The sectional elevation (inset A) a the Perspex body of 
the pump into which are inserted three tapered (1°) spigots carrying the inlet 
(a) and outlet (6) valves and the water chamber (c) separated from the blood 
chamber (d) by the rubber diaphragm (e). Large circular heads (/) with fluted 
edges facilitate insertion and withdrawal of the spigots. The valves are strips 
of thin rubber sheet fixed lightly over the inlet and outlet orifices (as shown) 
or are conventional flattened rubber tubing. The volume of the pump chamber, 
inlet and outlet channels is 2-5 ml. Pulsatile pressure changes in the water 
chamber are produced by connecting it alternately with a water-pressure 
head and with atmospheric pressure. This is done by rotary or electro- 
magnetically operated valves. 

Rotary valve. The logitudinal (B) and cross (C) sections show a spindle (g) 
which under operating conditions rotates in the body (h). Communication 
between parts 1 and 2 and between 3 and 4 in the body takes place alternately 
by means of two 120° slots cut in the spindle 180° out of phase. Port 1 is 
connected to a pressure head of water; ports 2 and 3 are both connected to 
the inlet (¢) of the pump-water chamber, and port 4 to a volume-flow recorder 
operating at atmospheric pressure. Thus ports 2 and 3 can be regarded as 
a single port alternately communicating with port 1 and port 4. Rubber- 
pressure tubing or polythene tubing is used for the connexions. When ports 1 
and 2 communicate the water flowing into the water chamber (c) displaces 
an equivalent amount of blood through the blood-pump output valve (6). 
When ports 3 and 4 communicate the elastic recoil of the rubber diaphragm 
displaces the water through port 4 and at the same time draws in an equivalent 
amount of blood through the input valve (a). Thus the volume inflows and 
outflows of the rotary-valve assembly and the blood pump should be similar. 

The ‘systolic’ output of the blood pump mainly depends upon the com- 
pliance of the membrane and the difference between the pressures in the water 
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chamber and blood chamber. The graph shows the results of simultaneous 
measurements of the outputs of the blood pump and rotary valve. In Expts. I 
and II the rotary valve-water inflow pressures were kept constant at 130 mm 
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Hg and the pump-output pressures varied from 0 to 126 mm Hg, whereas in 
Expts. IV and V the output pressures were approximately zero and the water- 
inflow pressures varied from 0 to 150 mm Hg. In Expt. III the water flow 
was intermittently controlled 51 times per minute by electromagnetically 
operated clamps on the rubber-tubing connexions. In one series of obser- 
vations the water-inflow pressure was 100 mm Hg and the pump output 
pressures 20 to 100 mm Hg; in the other the corresponding values were 
200 mm Hg and 25-175 mm Hg. The outputs of the rotary valve tend to 
exceed somewhat those of the blood pump especially at the lower outputs. 
This was in part due to incompetence of the valves at the lower pump outputs, 
and in some experiments to a slight pulsatile distension of the connecting 
tubing between port channels 2 and 3 and the inlet (#). 
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A bench episcope. By C. F. Smirx. 1, Wood End Close, Farnham 
Common, Bucks 


In monocular microscopes the tendency is to overwork one eye, and with 
binocular micr&@topes, as with other stereoscopic devices, it is difficult to 
avoid strain due to slight induced squint, or non-correspondence between 
convergence and accommodation. 


In the case of ordinary large or small magnifiers the enlarged image is 
always formed at a distance beyond that of the object, and if the operator has 
to change accommodation often when glancing from the magnified image to 
the bench this again is not helpful, particularly in the case of elderly workers 
with reduced accommodation. With all binocular magnifiers worn on the head 
the magnified images are formed at a point beyond the natural convergence 
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point and in the absence of accurate prismatic compensation an inward roll 
of the eyes is necessary to secure correspondence. 

The bench episcope has been designed with these considerations in mind and 
is intended for the examination of the surface details of objects required to 
be viewed under moderate magnifications. The object is placed on the work 
table 1 at the lower front part of the instrument and is illuminated by two 
oblique convergent beams of light from the condensing systems 2 and 3. An 
enlarged image of the object is projected by the lens 4 via the mirrors 5 and 
6 to the screen 7, which is at about eye level and at a comfortable viewing 
distance. At the customary alternative magnifications of 10, 20 and 40 the 
picture is so bright with most objects that the instrument can be used in 
a normally lighted room. The movements on the screen correspond precisely 
in direction to those at the working table. 

In the case of minute dissection work it has been found helpful to use a 
rather transparent screen, in conjunction with the large supplementary 
magnifier 8 which applies about 1-5 magnification, and gives a brighter image 
due to the convergence applied to the partially directional light from the 
screen. This supplementary lens is coated on both surfaces to reduce surface 
reflexions. The size of screen is 8-5 x 7-5 in., thus at magnifications of 10, 20 
and 40, the field viewed is 0-85 x 0-75 in., 0-42 x 0-38 in. and 0-21 x 0-19 in. 
respectively. There is a hinged or pivoted lens-holder for quickly changing 
from one of two magnifications to the other, and the lenses usually fitted are 
for magnifications of 10 and 20. 3 

Since the position of the object is fixed very nearly by the crossing point of 
the light beams only limited focusing motion is required, and it is therefore 
possible to use a bell-crank leverage system 9 which gives a slow motion 
entirely free of backlash. Although of course the best position of the lens is 
normal to the object in practice quite considerable tilting may be used without 
loss of definition. The depth of focus is approximately 0-03, 0-007 and 0-002 in. 
for 10, 20 and 40-times respectively. 

Two 12 V 150 W_lamps with ‘solid’ filaments are used for the lantern, and 
the heating at the object can therefore be quite considerable. It is minimized by 
two 2 mm layers of colourless heat-absorbing glass. There is a removable dark 
screen of smoky acetate through which the object can be seen without glare 
(not shown in the drawing). The work-holder may be designed to suit the job. 


A manometer. By J. H. Green. Department of Physiology, The Middlesex 
Hospital Medical School, London, W. 1 

This manometer, suitable for recording pressures in the cardio-vascular 

system, is inexpensive to construct and gives results comparable with the more 

expensive and elaborate commercial apparatus (see Fig. 1 A). The well-known 


“a 

4 


SOCIETY, 29 MAY 1954 5P 


diaphragm-transducer valve (R.C.A. 5734) principle is employed. The 

diaphragm consists of a § in. diameter No. 1 microscope cover-slip, thus over- 

coming the difficulty of obtaining and mounting an optically flat metallic 

diaphragm. The transparency of the diaphragm enables the head to be 
inspected to ensure that all air has been displaced. 


Fig. 1A. Simultaneous recordings of femoral blood pressure (cat) recorded on double beam 
cathode-ray tube. Upper record: the manometer described. Lower record: Hansen capaci- 
tance manometer as control. 
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Fig. 1B. R,, Ry, 250 K; Ry, R,, 22 K; P,, 250 and 250 K; P,, 100 K (log); P,, 50 K; 
V,, 12AX7; M,, 0-4mA meter. 


The associated d.c. amplifier (Fig. 1 B) employs few components and has the 
following advantages: 

(1) Using only one double-triode valve it provided a balanced output of 
sufficient amplitude to operate a cathode-ray tube without further amplification. 

(2) Sufficient gain is available for all normal purposes including the recording 
of right atrial pressures. 

(3) The total high-tension current consumption when connected directly to 
the plates of a recording oscilloscope is less than 1 mA. Small high-tension 
batteries may thus be employed and the complete unit made small and 
compact. 
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(4) Meter M, is calibrated, usually in mm Hg, and the calibration set using 
P, and P,. P, acts as a gain control for the amplifier, but at one particular — 
setting of P, (corresponding to the two cathodes of V, being at the same 
potential) alteration in the valug of P, has no effect on the meter reading 
(M,). The actual reading under this condition may be pre-set by trimmer P, 
to correspond to some prominent position on the scale, say 0 mm Hg. Once 
set in this manner calibration of the apparatus may be checked routinely as 
follows: (a) a pressure of 0 mm Hg is applied to the manometer head and any 
error in the meter reading corrected by adjustment of P, ; (6) a second pressure 
of, say, 200 mm Hg is then applied and P, adjusted until the correct meter 
reading is obtained. This second setting may be carried out without affecting 

the first. 

(5) A range-change switch to change the range to say 0-20 mm Hg need 
only involve the switching-in of a new P,. 

_ (6) Negative pressures may be recorded by switching the meter to the 
other anode, i.e. in series with R,. 

(7) A resistance-capacity network may be included in each grid circuit to 
enable mean pressures to be recorded. Rectifier-condenset networks enable 
records of systolic and diastolic pressure to be obtained. 

(8) Several amplifiers may be placed in parallel across one transducer 
recording-head to enable simultaneous records of mean pressure, systolic 
pressure, diastolic pressure and pulse wave-form to be taken. 


An instrument for measuring the thermal circulation index. 
By V. R. Proxies and M. 1. Scorr. Department of Physiology, Medical 
School, King’s College, Newcastle wpon Tyne 1 

This instrument may be used for the rapid estimation, in terms of the thermal 

circulation index (Burton, 1948), of the thermal conductivity of the total 

pathway through which heat is brought from the deeper tissues to any small 
area of the skin surface. It is an improved form of a device that has been 


_ used in the study of human mammary physiology (Pickles, 1953), but it may 
be of more general interest also. 


The thermal circulation index (t.c.1.) is defined by Burton as 


External drop of temperature T,-T, 
Internal drop of temperature 7,—T7,’ 


where 7',=skin temperature, environmental temperature, and 7',=deep 
(rectal) body temperature. The present instrument consists of three thermo- 
junctions, one for each of these temperatures, connected to a simple bridge 
circuit incorporating a set of resistors calibrated in terms of the 1.0.1. (Fig. 1). 
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As it is intended for use under hospital conditions it has been made robust, 
portable and self-contained. Its design and operation have raised the 
following particular problems. 

The design of the skin thermojunction. The well-known problem is involved of 
ensuring good thermal contact between skin and thermojunction without 
significantly affecting the heat flow through the skin. In the present form of 
the instrument, a thin copper strip, 12 by 3 mm, clamped between cork plates 
in a small Perspex block, exerts a pressure of 10-15 mm Hg on the skin when 
the block is attached by means of two strips of adhesive tape. Manganin and 
constantan wires 0-152 mm diameter, also held between cork plates, are 
soldered to the copper plate, and lead via 2 mm lengths of wire of the same 


‘Deep® junction < 


junction 


junction 

Fig. 1. Circuit diagram of the instrument. Thick lines represent manganin in the thermojunctions 

and leads, and copper in the internal connexions; thin lines represent constantan. Junctions 

of dissimilar metals in the instrument itself are close together and shielded, to keep them at 

equal temperatures. The series of 5 Q resistors provide coarse and fine adjustments, with 

dials graduated 0-00-10-00, which may be calibrated in terms of the T.c.1. when the galvano- 
meter is brought to its zero position. 


metals 0-025 mm diameter, to minimize heat leakage, to the main leads 
to the instrument. Experiments on artificial models have shown that this 
arrangement lowers the surface temperature by approx. 0-2°C. There is 
some experimental evidence that this is in part due to heat leak via 
the Perspex block. The other possible route for heat leak, namely, via the 
electrical connexions, has been investigated theoretically as follows. It 
was assumed that the 2mm lengths of wire 0-025 mm in diameter cooled 
according to Newton’s Law, that their ends farther from the copper plate were 
at the local air temperature, and that heat loss from the sides of the thicker 
well-insulated wire between the copper plate and the 2 mm lengths of fine 
wire was negligible. A value was derived for the flow of heat along the electrical 
connexions, from which it was calculated that the resulting temperature 
depression at the thermojunction was certainly less than 0-1° C. 
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Position of the air-temperature thermojunction. Burton (1934) used the 
general room temperature in his calculations, but as the T.0.1. is being measured 
over a small area of skin it seems appropriate to use the air temperature 
nearby. A simple twist thermojunction of 0-025 mm diameter wires is 
mounted in the same Perspex block as is the skin unit, 4 mm away from the 
latter. Air movement being minimized, the local air temperature is higher 
than the general room temperature; consequently the value of the 1.0.1. 
found is lower than if the latter temperature were used. This is no disadvant- 
age, and the values found may be more directly compared with those quoted 
by Burton if they are multiplied by a constant factor of 2-2. 

Measure of deep body temperature. Either the rectal (as used by Burton) or 

the sublingual temperature may be picked up directly with the ‘deep’ thermo- 
junction. 
: Elimination of the effects of potential differences between the mouth and the skin. 
Such potential differences not of thermo-electric origin have been found, of the 
order of 50 mV and necessitating electrical insulation of at least one of the 
thermojunctions. 

Time necessary for attainment of steady readings. The readings of the instru- 
ment become nearly enough constant for most practical purposes 5 min after 
the application of the thermojunctions, though the individual temperatures 
can be shown to rise detectably for at least a further 10 min. 

The instrument, except for the thermojunction unit, has been developed in association with 
the Doran Instrument Co. Ltd., Stroud, Glos., with the financial support of the Medical Research 


Council. 
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Myoepithelial cells in the mammary and parotid glands. By 

I. A. Stiver. Department of Zoology, University of Cambridge 
Myoepithelial or basket cells have been demonstrated in mammary and 
salivary glands by silver impregnation techniques (Richardson, 1949; Linzell, 
1952). However, these, and particularly other staining techniques which have 
been used, are relatively capricious. Dempsey, Bunting & Wislocki (1947) 
showed that alkaline phosphatase was localized in the myoepithelial layer of 
the developing rat mammary gland, but that, in lactating glands, it was found 
mainly in the capillary endothelium. 

In the present work the distribution of alkaline phosphatase has been 
studied in the lactating mammary glands of rabbits, sheep and rats, and in the 
parotid glands of sheep and cattle. The material was fixed in a pyridine- 
ethanol-acetic acid mixture at —5°C. Paraffin sections were stained for 
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alkaline phosphatase by the methods described by Gomori (1939) and 
Takamatsu (1939). 

The mammary glands of all three species showed marked alkaline phospha- 
tase activity in the myoepithelium and slight activity in the capillary endo- 
thelium. The myoepithelial cells lie beneath the basement membrane of the 
alveoli and ducts. They are stellate on the alveoli, but fusiform on the ducts 
where they lie outside the two layers of epithelium. 

Myoepithelial cells were demonstrated with a similar staining technique in 
parotid glands taken from sheep and lambs. Both the alveoli and myoepi- 
thelial cells are smaller than those in the mammary gland. A further difference 
is that in the parotid glands the myoepithelium does not extend beyond the 
intercalated ducts. The presence of alkaline phosphatase was, however, shown 
in the basal layers of the larger interlobular ducts. Slight alkaline phosphatase 
activity was found in the capillary endothelium in this species. 

Myoepithelium has not been demonstrated, with this method, in the parotid 
glands of young or adult cattle, in which there was, however, marked alkaline 
phosphatase activity in the basal layers of all the ducts and also in the capillary 
endothelium. This was particularly evident in glands taken from the adults 


of this species. 
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A modified recording rotameter for measuring blood flow. By 

P. M. G. Bett. Department of Physiology, University College, London 
In conjunction with kymograph records of mean blood pressure in various 
parts of the circulation, it is sometimes desirable to measure and register 
continuously, on the same smoked paper, the mean rate of blood flow through 
a particular blood vessel. For this purpose a recording rotameter, modified 
from that described by Shipley & Wilson (1951), has been used. 

The float of the rotameter carries a soft iron rod which moves inside a coil 
in the head of the instrument. The coil is a differential transformer, in which 
the primary and secondary each consist of two windings. One primary and 
one secondary (60 turns each of 34 s.w.c. D.s.c. copper wire) are double wound 
as evenly as possible on the lower part of the former within which the soft iron 
rod moves. The other primary and secondary windings are placed at the upper 
end of the former, beyond the limit of movement of the iron rod. The two parts 
of the primary are connected in the same sense while the secondary windings 
are connected in opposition. 
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A sinusoidal voltage (3 ke/s) is applied to the primary. At zero blood flow, 
the float rests at the bottom of the tapered tube so that the top of the iron rod 
is just clear of the coil. The turns on the upper windings are so adjusted that, 
with the rod in this position, the voltages across the two secondary windings 
are equal and opposite; as the iron core rises, the voltage across the lower 
secondary increases, so causing an output voltage proportional to the dis- 
placement of the float. 

The output of the coil is fed into an amplifier, in which two of the stages are 
tuned, and then rectified; the maximum effective rectified current is 20 mA, 
which is sufficient to give full-scale deflexion of a moving-coil milliammeter 
carrying a writing point. 


Coil 


Soft iron 
rod 


Float 


Direction of 
blood flow 


Fig. 1. Diagrams of the rotameter unit (not to scale) and coil windings. 


An amplitude control is included between the amplifier and its output stage 
so that, when desired, full-scale deflexion of the writing instrument may be 
obtained for less than the full excursion of the float. 

A visual meter is connected in the circuit in such a way that it is unaffected 


by variation of the amplitude control. It registers the position of the float 
and hence the actual blood-flow rate. 


The rotameter to be demonstrated has a range of blood flow from 0 to 
3-2 1./min. It is fitted with one large-bore inflow tube and two outflow tubes. 
The pressure drop across the instrument varies from 1-5 to 8 cm water over 


the whole flow range. Other tapered tubes giving different individual maximum 
flow rates are interchangeable with the same detecting head. 
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A method for measuring the depth of field of the human eye. 

By F. W. Camppeti. Physiological Laboratory, University of Cambridge 
The equipment is mounted on a standard 1 m optical bench. The observer 
looks through an adjustable artificial pupil placed at one end of the bench at 
an illuminated white screen at the other end of the bench. Between the pupil 
and the screen are placed three transparent glass plates. The middle screen 
is fixed at 50 om from the eye and carries a vertical row of three black disks. 
The other glass plates are placed in front of and behind the fixed plate, and 
each carries a black disk slightly displaced to the left and right of the vertical 
row. These plates are movable along the axis of the bench. Each disk sub- 
tends 10 min visual angle. 

The observer can determine his depth of field by adjusting the two movable 
plates until all the black disks are seen sharply without blurring. The separa- 
tion of the plates is then read from a scale attached to the bench. After a short 
training period an accuracy of +0-01 D can be achieved. The measurements 
are accurate even if the subject does not accommodate accurately on the 
_ middie plate placed at 50 cm. 

The colour and luminance of the background can be altered by means of 
filters. 


A high-power interference microscope. By A. F. Huxiry. Physio- 
logical Laboratory, University of Cambridge 

A low-power interference microscope was demonstrated to the Society two 

years ago (Huxley, 1952). This was a two-beam instrument in which the 

beams were separated by a Wollaston prism below the condenser and recom- 

bined by a second Wollaston prism above the objective. It was built primarily 
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Fig. 1. Diagram of optical arrangement of low-power microscope (not to scale). A, polarizer; 
B, iris; C and H, quartz Wollaston prisms; D, condenser; Z, object plane; F, specimen; 
G, objective; J, analyser; J, collimating lens; K, eyepiece. The phase difference between the 
beams is adjusted by displacing the prism C in the direction of the arrow. 


to gain experience with the principle, the intention being to develop a high- 
power instrument for the study of isolated fibres from striated muscle. Its 
lay-out is shown in Fig. 1, reproduced from the earlier report. In this arrange- 
ment it is necessary for the image of the lower prism, formed by condenser 


] | F | 

\ fj 5 

| 


12P PROCEEDINGS OF THE PHYSIOLOGICAL 


and objective, to coincide with the upper one. For this reason the prisms 
were placed at the back focal planes of condenser and objective, but this 
cannot be done with high-power lenses where the back focal plane is generally 
within the lens system. A second difficulty in developing a high-power version 
is that the image of the lower prism formed by condenser and objective is 
strongly curved. These effects are illustrated in Fig. 2. 


Fig. 2. 


Fig. 2. A, path of central rays through prisms, condenser and objective of the high-power 


microscope. B, diagram showing displacement of image of dividing surface of lower Wollaston 
prism (a) from dividing surface of upper prism (5). 

Fig. 3. Diagram of ‘corrector’, seen (a) from the side and (b) from the front. Shading indicates 
direction of optic axis of the calcite. In all figures, the sideways displacements of the rays 
are greatly exaggerated for the sake of clarity. 


The general lay-out of the high-power instrument is the same as that of the 
low-power, and the two difficulties that have been mentioned are overcome by 
inserting above the upper Wollaston prism the ‘corrector’ shown in Fig. 3. 
This consists of four pieces of calcite, each with its optic axis inclined to the 
axis of the microscope at the same angle (about 40°) but in different azimuths. 
Components A and B are of equal thickness, and their only action is to balance 
out the large path difference introduced by C and D. Since C is thicker than D, 
the extraordinary ray is displaced bodily sideways as shown in the diagram, 
and this is arranged to cancel out the displacement of the beams leaving the 
Wollaston prism. The effect of image curvature is to make this displacement 
(proportional to the distance z, Fig. 2) greater for peripheral than for central 
rays; this is counteracted since the effect of the corrector is proportional to 
(y—z) (Fig. 3), which similarly increases from centre to periphery because of 
the curved surface separating components ( and D. 
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The instrument has a water-immersion objective of n.a. 0-9, and gives good 
- contrast with an illuminating cone up to n.a. 0-6. Path differences due to the 
specimen are compensated (and thus measured) by displacing the lower 
Wollaston prism with a micrometer head; the accuracy is 1-2 mu. White light 
can be used, but a green filter improves the contrast. 

The specimen to be shown consists of a dilute suspension of human red cells 
in heparinized plasma. The contour of the cells is well shown by changing the 
compensation, and the ‘flicker phenomenon’ (rapid fluctuation of the thickness 
of the cell through Brownian movement) is very evident. 
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Reproduction of the waveforms of nerve activity by magnetic tape 
recording. By J. W. Coaton and I. C. Wurrrietp. Department of 
Physiology, University of Birmingham 

The standard method of operation of a tape recorder is to feed the recording 

head from a substantially constant-current source in order to make full use 

of the magnetic range of the tape. The effect of this is to give a response which 
rises with rising frequency at 6 db per octave, resulting in severe frequency 
distortion. To overcome this the usual practice is to include in the reproducing 
amplifier a correcting network having the inverse characteristic, so that the 
frequency response is restored to a constant value over the working range only. 

The overall effect of the combination is to replace the frequency distortion by 

considerable phase distortion. This is not objectionable for sound repro- 

duction, or for the recording of the time of occurrence of action-potential 
spikes on a slow time base, but it renders the proper reproduction of a recorded 
waveform impossible. 

A number of more or less elaborate methods of reproducing waveforms from 
magnetic tape have been described; e.g. the use of a frequency-modulated 
system for low-frequency phenomena (Molyneux, 1952), and the use of tape 
loops running at very high speed (Bauwens, 1950). We have found that the 
waveforms of, for example, nerve action potentials, can be recorded straight- 
forwardly on tape at 15 in./sec provided that the head is fed from a constant- 
voltage rather than a constant-current source. 

The apparatus consists essentially of an impedance transformer, which is 
fed from the oscilloscope plates through a standard cathode-follower com- 
pressor stage. No gain is required since the signal is already at a high level, 
and in fact some attenuation is usually called for. The impedance transformer 
consists of a two-stage triode amplifier, the second stage of which is directly 
coupled to a cathode-follower. 100% negative feedback is applied by injecting 
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the output from the cathode follower into the cathode circuit of the first stage 
of the amplifier, the load resistor being common to both circuits. The output 
impedance of the cathode-follower is thereby reduced to about 15 Q over the 
working range, and this output feeds the recording head directly. For repro- 
duction, the output of the head can be fed straight into a standard physio- 
logical amplifier and displayed in the same manner as the original. Using 
a Wright & Weaire standard twin-track tape deck running at 15 in./sec, it is 
possible to obtain reasonable reproduction of a 1 msec square pulse, whereas 
such a signal passed through the usual tape recorder system produces a very 
distorted polyphasic response. 

The disadvantage of our system is of course the considerable reduction in 
dynamic range, but since the oscilloscope trace is normally adjusted to fill the 
working portion of the screen, and the ‘dynamic range’ of the screen is itself 
small, this is not a serious objection. 

REFERENCES 


Bauwens, P, (1950). Proc. Instn elect. Engrs, 97, 217-222. 
Molyneux, P, (1952). Electron. Engng, 24, 130-131. 


Apparatus for quantitative injection of substances into giant axons. 
By A. L. Hopextin and R. D. Keynes 


Large screen oscilloscope for demonstration to students. By 
P. E. K. Donatpson 


Microelectrode recording of cerebellar activity in frogs. By 
R. J. Joynt 


Dorsal root reflex activity in frogs. By R. T. Trzczar 


Elementary teaching models of (a) eye, and (b) resonators. By 
B. H. C. Marraews 


Intracellular and extracellular potentials from the spinal cord. 
By B. H. C. Matruews 


Krogh spirometer for students’ use, constructed in Perspex. 
By W. L. 
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Maternal influence on transplanted eggs. By ©. E. Apams, G. L. 
Hunter and L. E. Rowson 


An apparatus for measuring rhodopsin in the human eye. By 
F. W. Campsect and W. A. H. Rusntron 


Movement in single file. By A. L. Hopexin and R. D. Keynzs 


Retina of squirrel. By Karuerine Tansiey 


Movement in isolated sponge cells. By A. F. W. Hucnues and 
E. N. (Film) 


Hydration of the cornea. By H. Davson. Medical Research Council, 
Department of Physiology, University College, Gower Street, London, W.C. 1 


It has been frequently remarked that in the excised eye the cornea increases in 
weight; this is due to the absorption of aqueous humour (Davson, 1949), and 
it seems likely that this increase in hydration results from the failure of the 
metabolic processes that normally transport fluid actively from the cornea. If 
this is true we may expect, by analogy with other active transport mechanisms, 
that the rate of hydration would be more rapid at a low temperature than at 
the normal corneal temperature of about 31° C. This is found to be true; after 
16 hr at 31° C, in an atmosphere saturated with water vapour at the tension of 
0-9% NaCl, the average water content of the cornea in the excised rabbit eye 
was 78 % (range 76-6-79-1; 13 expts.) compared with 82-2 % (range 80-0-83-6; 
10 expts.) for a temperature of 7° C. Again, if the epithelium contributes to 
the active transport, removal of this layer should favour hydration at 
31°C but have a negligible effect at 7° C; experimentally it was found that, after 
16 hr at 31° C, normal corneae had a smaller hydration than those with the 
epithelium removed (77-1% compared with 79-4%); at 7° C the difference 
was very small. The fact that the average water content of corneae without 
epithelia at 31° C was less than that of normal corneae maintained at 7° C 
suggests that the endothelium is also active in maintaining the normal state 
of the corneal hydration. Finally, the increase in hydration that occurs on 
maintaining the eye at 7° C for 16 hr could be largely reversed by transferring 
the excised eye to a moist chamber at 31° C for 8 hr. 

The water content of freshly excised corneae varies between 75-5 and 
717-5%; since it is possible to maintain an excised eye for as long as 16 hr, — 
under conditions excluding evaporation, and yet find the water content of 
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the corneae within this range, it would seem that the physical loss of water, 
i.e. by osmotic withdrawal, is not essential to maintain a normal corneal 
hydration. This view is confirmed by a study of the reversal of hydration. 
Thus, an eye may be kept in the refrigerator until its corneal water content 
rises to about 82°; during this time the whole eye loses some 3% in weight 
by evaporation; on placing it in a warm moist chamber the eye increases in 
weight, yet the corneal hydration decreases. 
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Electrophoretic application of acetylcholine to the two sides of 
the end-plate membrane. By J. pet Castito and B. Karz. 
Department of Biophysics, University College, London 

Micropipettes of the Ling & Gerard type (less than 0-5, tip diameter) can be 
employed for ionophoretic application of active substances to single cells (see 
Nastuk, 1953). We have used this technique to apply acetylcholine (ACh) to 
single motor end-plates of frog muscle, the tip of the pipette being placed 
alternately on the outer and inner surface of the muscle membrane. The 
pipette was filled with a concentrated ACh-chloride solution, and the rate of 
flow of ACh* from the tip was controlled by passing current pulses, of the 
order of 10-7 A and 0-5 to 50 msec, between an electrode inside the pipette 
and an indifferent electrode in the muscle bath. Another pair of electrodes 
was used to record the p.d. across the end-plate membrane. 

(a) External application. When the ACh-pipette approached an exposed 
end-plate, a slow depolarization of variable magnitude was recorded which 
could be stopped by negative, and greatly intensified by positive, pulses 
applied to the interior of the pipette. A large ‘end-plate potential’ followed 
each positive pulse and gave rise to a spike if it exceeded threshold. The results 
confirmed those reported by Nastuk (1953). When the experiment was repeated 
at a nerve-free region, or with a KCl pipette, no membrane changes were 
observed. 

(6) Intracellular application. Entry of the pipette into the fibre was indi- 
cated by the appearance of electrotonic potentials during the applied pulses. 
As soon as the pipette had penetrated and sealed itself into the end-plate mem- 
brane, the depolarization due to the diffusion of ACh subsided. The effect of the 
ACh pipette was now indistinguishable from that of an ordinary KCl pipette, 
current pulses giving rise to electrotonic potentials, but. failing to produce 
the characteristic end-plate depolarization previously recorded. When the ACh 
pipette was withdrawn from the fibre interior, a large depolarization reappeared. 
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It is clear that ACh is effective only when applied to the external surface of 
the motor end-plate. The same was observed with a stable substance like 
carbachol. It seems probable that the ACh receptors are located on the 
external surface of the end-plate membrane (facing the nerve endings), and 
that normally the bulk phase of the membrane which separates them from the 
fibre interior is effectively impermeable to ACh. 


REFERENCE 
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Added in proof: We have recently learned that the inefficacy of intracellular application of 
ACh has also been observed by Dr W. L. Nastuk. His finding, though not published, was 
reported to the American Physiological Society in 1953. 


The effect of certain anions on the duration of the active state in 
skeletal muscle. By A. V. Hit and L. Macrnerson. Department of 
Physiology, University College, London, W.C. 1 

Following a suggestion of Prof. A. Sandow we have examined the effect of 

certain anions (Br, NO, and I) on the contractile behaviour of muscle. A frog’s 

sartorius immersed in Ringer’s fluid was stimulated at regular intervals by 

a single shock or a short tetanus. The solution was then changed for one in | 

which the Cl was replaced, wholly or in part, by one of the other anions, and 

the stimulation repeated. After 20-60 min normal Ringer’s fluid was reintro- 
duced. The following effects of Br, NO, and I were observed: 

(1) The twitch is increased in size (up to 2 or 3 times at 18° C) and prolonged 
in duration. 

(2) The effect comes on rapidly, half the full increment of twitch tension 
being reached in about 1 min. 

(3) For a given concentration, the effect of Br is less than that of NO,, 
which is less than that of I. 

(4) Muscles remain in good condition for long periods when Cl is wholly 
replaced by Br or NO,, or 50-70% replaced by I. 

(5) When normal Ringer’s fluid is reintroduced the twitch returns to its 
original size and duration. 

(6) In a tetanus the maximum isometric tension, and the velocity of 
shortening under any load are unaltered. 

(7) The frequency of stimulation needed to give a complete tetanus in a 
muscle in Br, NO, or I solution provides an obviously incomplete tetanus in — 
a Ci solution. 

(8) The effect is greater, the greater the proportion of the abnormal ion. 

(9) In a twitch the heat production is considerably increased ; in a tetanus 
of given duration it is unchanged. 
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The effect comes on so rapidly after the introduction of the new solution 
that it can scarcely be attributed to a direct influence of the anion on the 
contractile material in the interior of the fibres. This conclusion is supported 
by the facts (a) that in a tetanus the tension, the velocity of shortening, and 
the heat are unaffected by the abnormal] anions, even after long soaking, and 
(b) that, as B. C. Abbott has found for us, the penetration of radio-iodide into 
the interior of the fibres is very much slower than, but diffusion into the 
interspaces is about as fast as, the influence on the twitch. The primary 
effect, therefore, must occur at the excitable surface from which contraction is 
propagated into the interior, the active state inside being prolonged until 
the material there is pulled back to its resting state by the excitable surface 
returning to its normal polarized condition. There may be a clue here to the 
hitherto unresolved problem of the link between excitation and contraction. 


Difference of cation concentrations in foetal and adult sheep 
erythrocytes. By W.F. Wippas. Department of Physiology, St Mary's 
Hospital Medical School, London, W. 2 

Wise, Caldwell, Parrish, Flipse & Hughes (1947) found the potassium con- 

centration of cattle erythrocytes to be high at birth and to fall off towards 

adult values during the first 50 days post natum. They suggested that a high 
potassium content may be a characteristic of foetal erythrocytes. 

Determinations of potassium and sodium concentrations in packed foetal 
and adult erythrocytes of Welsh sheep have been made using a flame-photo- 
meter. The results from twenty-two pregnant animals show that the potassium 
is higher in the foetal cells than in those of the parent ewe. The mean con- 
centration for packed foetal cells was found to be 95 m.equiv/l., but there was 
a dependence on foetal age, the value falling towards full term with a regres- 
sion equation of [K+]=115—0-196d (where d is foetal age in days). The 
average sodium concentration was 26-4 m.equiv/l. 

The packed cell potassium concentrations of the ewes fell into two popu- 
lations. About one-third (eight sheep) gave values with a mean of 68+ 2-6 
m.equiv/l.; the remainder (fourteen sheep) formed a lower group with a mean 
of 16-8+ 1-2 m.equiv/l. Sodium concentrations were inversely related with 
means of 55 + 5-7 and 95 + 2-7 m.equiv/l. for the two groups respectively. 

Foetal sheep erythrocytes differ from adult erythrocytes in their rates of 
haemolysis in hypotonic salines (Widdas, 1951), and also in permitting the 
penetration of glucose and other hexoses by a process of facilitated transfer 
similar to that in the adult human erythrocyte (Widdas, 1953). Preliminary 
results with foetal and adult guinea-pig erythrocytes indicate about equal 
degrees of potassium accumulation, but only the foetal cells show a facilitated 
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glucose transfer. It appears unlikely that there is a close relationship between 
the in vitro facilitated transfer of glucose on the one hand and potassium 
accumulation and sodium extrusion on the other. 


This work was aided by an A.R.C. and M.R.C. grant to Prof. A. St G. Huggett. 
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The relation between body temperature and respiration. By 
D. Barttrop. St Mary’s Hospital Medical School, London, W. 2 


This work was undertaken to test the hypothesis that body temperature may 
play an important part in the control of respiration in exercise (Comroe, 1944; 
Grodins, 1950). It was assumed that results obtained at rest would still be 
applicable to exercise. 

The previous workers in this field (Hill & Flack, 1907; Bazett & Haldane, 
1921; Landis, Long, Dunn, Jackson & Meyer, 1926) have employed hot baths 
to alter body temperature. Their results indicated that a rise of 2° C body 
temperature was a most potent respiratory stimulus. However, they were all 
concerned with the rate of change of body temperature. It is argued here 
that no assessment of the effect of this stimulus is possible unless steady-state 
conditions are observed. This report appears to be the first attempt that has 
been made to do this. In this work the minute volume and alveolar carbon 
dioxide tension have been recorded for two steady body temperatures in each 
subject. 

Twelve experiments on seven subjects were performed. A domestic bath 
containing circulating water was employed to control the body temperature. 
Minute volumes were obtained by timed Douglas bag collections. The alveolar 
air was obtained by Haldane’s method and later by an end expiratory sampler 
(Rahn & Otis, 1949). The body temperature was obtained by an oral clinical 
thermometer and later by rectal thermocouple. 

It was found that a 2° C rise in body temperature caused an average increase 
of 3-81. in the minute volume with a range from 0-2 to 14-21. The carbon 
dioxide tension was decreased by an average of 4-8 mm Hg with a range from 
—1-9.t0 +268 mm. These values contrast with those implied by Landis et al. 
(1926). They recorded in three subjects an increase of 121. in the minute 
volume and a carbon dioxide depression of 15 mm Hg — et al. _ All 
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three of Landis’s subjects went into tetany, contrasting with one in this 
record. 

It is concluded that the rise of body temperature in exercise constitutes 
a small part only of the ‘exercise stimulus’ for respiration. 
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Blood reaction during hypothermia. By W. I. Cranston, Marcor 
C, Pepper and D. N. Ross. Department of Physiology, St Mary’s Hospital: 
Medical School, London, W.2, and Department of Thoracic Surgery, Guy’s 
Hospital Medical School, London, 8.E. 1 


Arterial blood pH has been measured in twenty-one dogs in which the body 
temperature was reduced to levels below 27° C. Cooling was carried out by 
passing blood from the femoral artery through a cooling coil, and returning it 
to the femoral vein. Plasma CO, was followed in fifteen of the animals. 
From these data, H,CO, concentration and CO, tension have been calculated, 
using the Henderson-Hasselbalch equation, with temperature correction for 
pK (Cullen, Keeler & Robinson, 1925) and CO, solubilities given by Dill & 
Forbes (1941). 

The dogs were premedicated with morphine and atropine, and anaesthetized 
with intermittent intravenous thiopentone; cuffed endotracheal tubes were 
introduced, and blood samples were taken during spontaneous respiration, and 
while inhaling 6% CO, at normal and low temperatures. 

Arterial blood pH fell regularly during cooling, and there was an inverse 
linear relationship between hydrion concentration and temperature, down to 
25° C. Below this level there was a tendency for the hydrion concentration to 
increase rapidly. Plasma H,CO, concentration increased linearly with hydrion 
concentration, indicating that the fall in pH is associated with CO, retention. 
Correspondingly, there was an inverse linear relationship between H,CO, 
concentration and temperature, down to 25° C. The regression line for H,CO, 
concentration on temperature shows a similar slope to the in vitro solubility 
of CO, in plasma. The calculated CO, tension did not change significantly with 
temperature, while the H,CO, concentration rose from a mean level of 


1-37 mm at 38° C, to 2-12 mm at 25° C. There was no significant change in 
plasma bicarbonate concentration. 
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The percentage increase in respiratory minute volume on inhaling 6% CO, 
was similar at 25°C to that at 38°C. This suggested that the respiratory 
centre had not become insensitive to CO, at lower temperatures; taken 
together with the blood CO, tension, it tends to confirm that CO, affects 
respiration, primarily by virtue of its tension, rather than by change in H,CO, 
content or pH. 

REFERENCES 


Cullen, G. E., Keeler, H. R. & Robinson, H. W. (1925). J. biol. Chem. 66, 301-322. 
Dill, D. B. & Forbes, W. M. (1941). Amer. J. Physiol. 132, 685-697. 


Observations on oral and rectal temperatures in the humid tropics 
and in a temperate climate. By J. M. Apam and Heten M. Ferrzs. 
Royal Naval Tropical Research Unit, Singapore, and Medical Research 
Council Climate and Working Efficiency Unit, Oxford 

Recordings were made of oral and rectal temperatures from subjects taking 

part in climatic experiments at Singapore and Oxford. Two series of experi- 

ments were carried out in Singapore, and in series A measurements were made 

at six specified times daily for 8 days on fourteen subjects. In series B 

temperatures were recorded at $hr intervals from 6.30 a.m. to 10 p.m. on 

seven subjects for 2-7 days. In Oxford half-hourly recordings were made on 
seven subjects for 7 days. All subjects were healthy young men. During the 
period of observation the subjects were sedentary indoors under supervision. 

The subjects at Singapore had been stationed there for an average of 
18 months, and were therefore naturally acclimatized to heat. The mean 
temperatures at Singapore were 79-9° F dry-bulb and 76-2° F wet-bulb, and 
in Oxford were 64-1° F dry-bulb and 56-3° F wet-bulb. The Singapore subjects 
wore shorts, shirt and sandals; in Oxford the subjects wore vest, long pants, 
serge trousers, socks, shoes and light sweater. 

The results show a similar diurnal variation in Oxford and Singapore. 
Rectal temperatures were higher at Singapore than at Oxford, the difference 
being highly significant (P< 0-001); the mean difference was 0-43° F. Oral 
temperatures were also higher at Singapore, and this difference, too, was 
highly significant (P < 0-001), the mean difference being 0-35° F. 


The regulation of body temperature during fever. By R. H. Fox 
and R. K. Macpnerson. Royal Naval Tropical Research Unit, Singapore, 
and Division of Human Physiology, National Institute for Medical 
Research, London, N.W. 3 


A healthy young adult male subject (Ne) was engaged, with two other men, 
for 6 weeks in a long series of experiments, in which a fixed routine of working 
and resting was performed for 4 hr each afternoon (except Sundays), at a wide 
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range of accurately controlled air temperatures, humidities, air speeds and 
mean radiant temperatures. Measurements were made of their body weight 
(to determine sweat loss), heart rate, skin temperature and rectal temperature, 
at the beginning and end of each experiment, and before and after each period 
of work during the experiment. The results obtained for all three men were so 
very similar that, given the results for any two men, the results for the third 
could be predicted with confidence. | 

During the course of the experiment subject Ne developed a respiratory 
tract infection lasting 8 days. His pre-experimental resting rectal temperature 
rose steadily, reaching 100-6° F on the fourth day, and then slowly declined. 
Throughout his illness, he protested that he was fit to undertake the experi- 
ment each day, although some of the experiments were quite severe and, 
except on the fourth day, he was not unduly distressed by the experimental 
procedure. 

The alternating periods of work and rest produced a very characteristic 
pattern in the skin and rectal temperature which was systematically modified 
by the level of environmental stress. Throughout his illness, the pattern of 
the body temperature of Ne was exactly that which it would have been if he 
had been apyrexial, except that it was elevated by a fixed amount, the 
magnitude of which was dependent upon the amount by which his resting 
body temperature exceeded its usual value. In other words, the body regulated 
its temperature about the new level, the exact value of which depended upon 
the existing level of fever. The skin temperature behaved in the same fashion, 
except that the amount by which it was elevated did not correspond exactly 
to the rise in body temperature. 

_ The heart rate while resting before the experiment was above its usual 
value. During the experiment it behaved irregularly, and though increased 
while resting, after work this elevation could not be detected. 

The environmental conditions used during the experiments were such that 
the main avenue of heat loss was by evaporative cooling. It is of particular 
interest to note that Ne produced the same amount of sweat during his fever 
as he would have been expected to produce had his temperature been normal. 


The yellow pigment of the argentaffine cells of the mammalian 
gastro-intestinal tract. By W. Jacosson (Sir Halley Stewart 
Research Fellow). The Strangeways Research Laboratory, Cambridge 


Erspamer & Asero (1952) have suggested that serotonin (5-hydroxytrypt- 
amine) may be present in the argentaffine cells of the gastro-intestinal tract; 
this view has been widely quoted. It was thought that the yellow pigment 
found in these cells was formed during fixation in formaldehyde, possibly as 
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a condensation product of serotonin and formaldehyde, of the harmaline type 
(Barter & Pearse, 1953). Previously it had been suggested that the argent- 
affine cells may contain a pteridin compound and may possibly be the carrier 
of haemopoietic activity of the intestinal mucosa (Jacobson, 1939; Jacobson & 
Simpson, 1946). 

The argentaffine cells are characterized by (1) the presence of fine yellow 
granules in their cytoplasm, not only in paraffin sections of formol-fixed tissue 
but also in fresh material; (2) they emit a yellow fluorescence in ultra-violet 
light; (3) they reduce diammine silver hydroxide (Fontana’s solution) without 
the subsequent use of a reducing agent and (4) form with diazonium compounds 
- diazodyes, preferably at slight alkalinity. These qualities distinguish the 
argentaffine cells from other cells within the epithelial structures of the gastro- 
intestinal mucosa. Unspecific silver methods stain both te sdonsoring and 
argyrophile cells, which has led to some confusion. 

By far the largest number of argentaffine cells/unit area is found in the 
small intestine; they are rare in the fundus and slightly more frequent in the 
pyloric region of the stomach. This pattern of distribution precluded the 
possibility of their being concerned with intrinsic factor activity, as has been 
erroneously assumed in the literature; it also makes it very difficult to associ- 
ate them with the serotonin content of different parts of the stomach or gut 
since the rabbit’s fundus contains six times as much serotonin as the pylorus 
(7-5 wg and 1-25 wg/g mucosa, Feldberg & Toh, 1953). Similarly, the mouse’s 
stomach contains 8-5 ug/g fresh tissue, while the intestine contains only 
1-6 »g/g (Erspamer, 1954). In both animals the stomach contains few argent- 
affine cells although argyrophile cells are frequent. 

The yellow pigment of the argentaffine cells was separated chromato- 
graphically from a crude extract of a tumour formed by these cells. Its 
characteristic fluorescence in ultra-violet light revealed four emission bands — 
with maxima at 4600 A (very strong), 5100, 5550 and 6250 A in decreasing 
order (8 or 16 min exposures). In contrast, the serotonin-formaldehyde pro- 
duct has three emission bands—a very weak one between 4550 and 4650 A, 
the strongest at 5750 A and a moderately strong one at 6300 A; it required 
a 360 min exposure to record this spectrum. In spite of this striking difference 
in the fluorescence spectra the possibility cannot be ruled out that the 
argentaffine cells may contain serotonin, quite independently of the yellow 
pigment. 

Recent experiments with Huglena gracilis, an organism dependent on 
vitamin B,., have shown that the yellow pigment has marked growth pro- 
moting effect without the addition of vitamin B,,. 
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The effect of sympathetic stimulation on the flow of parotid saliva 


in the sheep. By R. N. B. Kay. Physiological Laboratory, University of 

Cambridge 
Considerable variations in the volume of the continuous secretion of parotid 
saliva of ruminants have been observed (for references see McDougall, 1948), 
but little is known of the factors influencing rate of formation and flow. In 
the experiments reported here the effect of stimulation of the cervical 
sympathetic nerve on the secretion and flow of parotid saliva has been 
examined in chloralosed sheep. 

There was a rapid increase in the flow of parotid saliva on stimulation of 
the ipsilateral cervical sympathetic nerve, followed by a period during which 
the flow ceased or was considerably reduced. The average flow during the 
period of stimulation and the succeeding compensatory pause was the same 
as that observed in control periods. These effects were recorded with drop 
counters. 7 

Records of the continuous secretion of parotid saliva were also obtained by 
following the changes in the pressure developed in a water manometer con- 
nected to a cannula in the parotid duct. A sharp increase in pressure followed 
stimulation of the cervical sympathetic nerve. After the stimulus ceased the 
pressure fell to about the level which would have been reached during the 
continuous secretion of parotid saliva without stimulation of the cervical 
sympathetic nerve (confirming Eckhard, 1869). 

Similar but not identical responses were obtained after the i.v. injection of 
adrenaline (0-4-10 ug/kg). In these experiments the succeeding compensatory 
pause was not always equivalent to the increase in flow, and the average out- 
flow over the whole period was slightly greater than normal. An increased 
flow and pressure was also obtained after the i.v. injection of oxytocin 
(70-100 mu/kg Parke Davis, Pitocin). but not after vasopressin (170 mu/kg 
Parke Davis, Pitressin). The effects of stimulation of the cervical sympathetic 
nerve and of adrenaline were considerably reduced or abolished by the 
administration of a sympatholytic drug (1 mg/kg Rogitine, Ciba). The responses 
to posterior pituitary extracts were not affected by this drug, nor was the 
resting rate of salivary secretion altered. 
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These results suggest the effect of cervical sympathetic nerve stimu- 
lation is to promote theexpulsion and not the formation of parotid saliva. 
The structures involved in the expulsion of saliva may be myoepithelial cells, 
which have been demonstrated histologically in the parotid glands of sheep 
by Silver (1954). Babkin (1950) attributed similar actions to the myoepithelial 
cells of the submaxillary salivary glands of the dog. 


Research Council. 
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Inhibition of reflex contractions of the reticulum. By D. A. TitcHen. 
Physiological Laboratory, University of Cambridge 

Contractions of the reticulum are inhibited both in conscious sheep (Phillipson, 

1939) and in decerebrate preparations (Titchen, 1953) by distension of the 

abomasum. In the experiments described here, the course of the afferent 

nerve fibres involved in this inhibition has been examined in decerebrate 

sheep and goats. 

Reflex contractions of the reticulum were stimulated in these preparations 
by the introduction of acid into the abomasum or by stretch of the reticulum 
(Titchen, 1953). Such contractions could be inhibited either by distension of 
the abomasum or by manipulation of the pylorus. After both splanchnic 
nerves had been cut neither of these procedures inhibited reflex contractions 
of the reticulum. In fact, distension of the abomasum then increased the 
frequency of contractions of the reticulum. Section of the spinal cord in the 
mid-thoracic region also abolished the inhibitory effects from either the 
abomasum or the pylorus. 

A difference in the responses from the abomasum and the pylorus was shown 
by section of the major branch of the ventral abdominal vagus nerve to the 
abomasum. After section of this nerve distension of the abomasum did not 
influence reticulum contractions but manipulation of the pylorus continued 
to have an inhibitory effect. 

These experiments suggest that afferent fibres from the abomasum pass 
from branches of the ventral abdominal vagus nerve to the splanchnic nerves 
before entering the spinal cord. Excitation of these fibres produces a central 
inhibition of the contractions of the reticulum. 

In view of these results the inhibitory effect of manipulation or stretch of 
the abomasum on reflex contractions of the oesophageal groove (Comline & 
Titchen, 1951) was re-examined in decerebrate preparations of young calves. 
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It was confirmed that inhibition persisted after section of the splanchnic 
nerves but not after the ventral abdominal vagus was cut. It appears that 
afferent fibres in the vagus which inhibit reflex contractions of the oesophageal 
groove excite reflex contractions of the reticulum in the adult. 

This work has been assisted by a grant from the Agricultural Research Council. 
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The forces moving chloride ions through rumen epithelium. 
By A. Dosson and A. T. Puitiipson. Rowett Research Institute, 
Bucksburn, Aberdeenshire 


The direction of chloride movement across the rumen epithelium cannot be 
explained by differences in concentration between the rumen contents and the 
blood (Sperber & Hydén, 1952; Parthasarathy & Phillipson, 1953). In norm- 
ally feeding sheep a potential difference was found across this membrane of 
sufficient magnitude and in the right direction to account for the anomaly. 
Experiments were performed to see whether the combination of the two forces 
originating in the concentration ratio and electrical potential would explain 
the direction of movement. 

The concentration ratio and electrical potential together can give an 
estimate of the electro-chemical p.d. across a membrane provided that certain 
conditions are fulfilled by the solutions on either side of it, and that water 
streaming through the membrane is negligible. If an ion diffuses freely 
through the membrane, the sign of the electro-chemical potential difference of 
the ion determines the direction of its flux (Ussing, 1949). But if the membrane 
contributes energetically to the steady state equilibrium of the ion, as when 
active transport occurs, the sign of the net flux should change at a value of 
measured electro-chemical p.d. other than zero (Linderholm, 1952). 

The uptake of chloride ions from the washed reticulo-rumen sac of anaes- 
thetized (pentobarbital) Cheviot sheep was measured during } hr periods 
using a range of chloride concentrations in the rumen of 0-015 to 0-070Nn. An 
accurate potentiometric method was used to measure chloride concentrations, 
and volume changes were corrected for drainage losses by estimating the 
dilution of acetate in the washings taken from the rumen. Plasma chloride 
was corrected for chloride shift and this value was used to calculate the 
concentration ratio. The p.d. between the contents of the sac and its blood 


supply was measured using a valve electrometer, matched calomels, and 
saturated KCl/agar bridges. 
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In fifteen experimental periods on three sheep the electrical potentials 
developed between the blood and contents of the sac were similar to the range 
found for normally feeding cannulated sheep, fed on hay or hay and meals. 
Net fluxes of chloride ions were large enough to be measured in fourteen of 
these periods. Each of these was in the direction expected from the electro- 
chemical p.d. 

For convenience, the forces originating in the electrical p.d., in the concen- 
tration ratio, and in any active transport can all be expressed in mV with 
a positive sign when they tend to cause a net uptake of chloride from the 
rumen. In the fourteen experimental periods the average potential during 
a period varied from +25-4 to +44-0 mV and the concentration contribution 
from —498 to —11-8mV. The net force estimated varied from +16-3 to 
—16-0 mV. In one period the net force was +1-5.mV, derived by adding an 
electrical contribution of +37-4mV to a concentration contribution of 
—35-9 mV and in another period the net force was —2-1 mV from contri- 
butions of + 28-3 mV electrical and —30-4 mV concentration. Thus any active 
transport potential which could be allowed must lie within +2-1 mV and 
—1-5mV. We conclude that the concentration ratio and p.d. adequately 
explain the direction of the net chloride flux and the contribution of an active 
transport phenomenon to the equilibrium of this ion is negligible. 
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The function of the sphincters of the alimentary canal. By J.J. Sprra. 
59, Chesterfield House, London, W.1 . 


The motor function of the gastro-intestinal tract is effected by two main 
mechanisms: the peristaltic wave which travels the whole length of the gut, 
and by localized rhythmic contractions of short segments of bowel. The 
direction of the peristaltic wave is imposed by the inherent polarity of the 
smooth muscle fibre (De Jong & De Haan, 1943). End-to-end anastomosis of 
@ reversed segment resists the forward movement of its contents and leads 
to obstruction. The peristaltic wave is initiated by the act of swallowing. 
Complete isolation of a bowel loop results in the absence of the motor response 
to feeding, which depends on the continuity of the intestine (Douglas & Mann, 
1939) and is not abolished by vagotomy (Douglas & Mann, 1940). It varies 
directly with the distance from the pylorus (Douglas & Mann, 1939). Giving 
food increases the activity in exteriorized segments and appears first in the 


. 

l 

» 


28 P PROCEEDINGS OF THE PHYSIOLOGICAL 


segment nearest the stomach (Grindlay & Mann, 1941). The propulsive force 
(in dogs) exerted in the jejunum 18 cm from the pylorus corresponds to 228 g 
(Hess, 1886), gradually diminishing to 17-5 g at 155 cm from the pylorus 
(Brandl & Tappeiner, 1890). There is a parallel response in the latent period 
following stimuli and in the tonus of the corresponding segments (Alvarez & 
Hosoi, 1929). 

It may be postulated that the peristaltic wave has a quantum value; it has 
amplitude, frequency and velocity, and its gradient effect is produced by the 
gradual absorption of its energy as the wave travels down the gut. Retro- 
peristalsis occurs only when the peristaltic wave is obstructed, either func- 
tionally or organically. 

The rhythmic segmentation produces fluctuating variations of segmental 
pressure which may at moments be higher distally than proximally, and thus 
produce a short distance reflux of the intestinal content. The presence of the 
alimentary sphincters must be related to the intestinal pressures and their 
location at the proximal side of the junction of two organs assumes its own 
significance. It may be concluded, therefore, that the alimentary sphincters, 
which are adaptations to function, act passively as anatomically undifferenti- 
ated structures in the transmission of the peristaltic wave, and actively as 
functionally specialized structures in the prevention of reflux of the intestinal 
contents at the critical junctions. This generalization applies to the cardiac 
and pyloric sphincters, the sphincter of Oddi, the sphincter of the appendix 
and the ileo-colic sphincter. 
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Resting discharge and dark adaptation in the cat. By H. B. Bartow, 
R. FrrzHvueu and 8. W. Kurrier. Wilmer Institute, Baltimore, Maryland 


Single retinal units of cats decerebrated under ether were prepared by the 
technique described by Kuffler (1953); no additional anaesthetic was used, 
but intracranial crushing of nerves III, IV, V and VI, was helpful in preventing 
movements of the eye. Single units were often maintained in good condition 
for more than 4 hr. If the retinal illumination was constant (or zero), such 
units invariably showed a maintained resting discharge at a mean rate of 
20-70 impulses/sec. The discharge is very irregular, intervals between impulses 
varying from less than 2msec to more than 100 msec. The flow of 
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impulses could be diminished temporarily or abolished by changing the level 
of retinal illumination, but it would creep back to a level close to the original 
level within a few min. Poor circulation, or additional anaesthetic, can 
permanently diminish or abolish the resting discharge. We do not think that 
the pressure of the electrode on the ganglion cell causes the djscharge because 
similar activity can be detected in nerve fibres running from the periphery of 
the retina to the optic disc. 

A white light giving a retinal illumination higher than 1 f.c. was used for 
placing the electrode on the retina. Following adaptation to this intensity for 
periods longer than 20 min the light was turned out and the threshold to 
a small central flash of blue-green light was determined. The threshold 
response was a just detectable increase (on-centre units), or decrease (off- 
centre units), in the resting discharge. The threshold fell by more than 4 log. 
units to a plateau reached in about 90 min. The absolute threshold values 
of 12 units in 7 cats varied between 3000 and 230 quanta (measured at the 
cornea). 

After complete dark adaptation the organization of the receptive fields was 
found to have changed; in on-centre units only ‘on’ discharges could be 
elicited, even from the periphery of the receptive field which gave ‘off’ dis- 
charges in the light-adapted state. Furthermore the peripheral inhibition 
(Kuffler, 1953; Barlow, 1953) disappeared, and the periphery was found to 
summate with the central region of the receptive field. Off-centre units 
changed in the same way, yielding only ‘off’ discharges when dark-adapted. 
The time course of the discharge also appeared to change, becoming slower in 
the dark. These changes are surely connected with the increase in summation 
time and area observed in human dark adaptation (Craik & Vernon, 1941). 
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The depth of focus of the humaneye. By F. W. Physiological 
Laboratory, University of Cambridge 


If the eye is focused for a given distance then an object either nearer or farther 
away will produce a blurred image on the retina. Within a certain range—the 
depth of field—the observer is unable to detect this blurring. 

A simple but accurate method of measuring the depth of field when the eye 
is focused for a distance of 50 cm has been developed using a standard optical 
bench. The test objects were black disks each subtending 10 min visual angle 
viewed against a white or coloured background. 
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At a fixed pupil size the hyperfocal distance was found to increase directly 
with the log, of the background luminance. The well-known relationship 
between luminance and the resolving power of the retina can account for this 
finding. 

ne retinal illumination is held constant and pupil size is altered the 
depth of field varies approximately inversely with the pupil diameter. The 
hyperfocal distance is found to be greater than that predicted by geometric 
optics at pupil diameters smaller than 2-5 mm and less than that predicted 
for pupil sizes larger than 2-5 mm. With small pupil sizes the deviation from 
theory may be accounted for by the resulting diminution of chromatic aber- 
ration fringes. This conclusion is supported by the finding that if the chromatic 
aberration of the eye is corrected with an achromatizing lens (Thomson & 
Wright, 1947) the observer is able to detect out-of-focus blurring with greater 
ease. At wider pupil sizes the deviation is explained by the retinal direction 
effect (Stiles & Crawford, 1933). Thus the effective pupil size should be used 
in calculations of depth of field and not the apparent or exit pupil size. 

Additional proof that the retinal direction effect diminishes the perception 
of out-of-focus blurring has been obtained by measuring the depth of field 
with backgrounds of different colour but of equal luminance. The observed 
variation of depth of field with wavelength corresponds with the variation of 
the retinal direction effect with wavelength obtained by Stiles (1937). 

It may be concluded that the presence of chromatic aberration and the 
retinal direction effect in the human eye diminish the effect of small refractive 
errors on visual acuity at wide pupil apertures. 
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The electro-retinogram of the squirrel. By A. B. ArpEen and 
KATHERINE TANSLEY 


Monosynaptic reflex input-output analysis. By W. Ra. Department 
of Physiology, University of Otago Medical School, Dunedin, New Zealand 


Experiments were made to test the adequacy of a simple statistical theory of 
the relation between the input and output volleys in a monosynaptic reflex 
arc. Single test shocks were applied to cat’s gastrocnemius nerve (under 
Nembutal). Input volley was recorded from an intact dorsal root, reflex output 
from a cut ventral root. It was found that effective monosynaptic input is 
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confined largely to the lower threshold afferent fibres of group I. Maximum 
possible output was taken to be equal to a maximum antidromic motor volley 
in the same ventral root. Actual output volley size depends on (i) input, and 
(ii) reflex excitability which can be adjusted by means of tetanic conditioning 
and anaesthesia. In this way, a family of input-output curves was obtained, 
and an attempt was made to find a statistical theory which would fit all of 
these curves with the simplest possible assumptions. 

It was found sufficient to assume: (i) the number of synaptic knobs activated 
synchronously over the motoneurone pool represents effective input magni- 
tude, (ii) these knobs are distributed randomly among the motoneurones in 
the pool, (iii) reflex discharge of a motoneurone depends upon the number of 
knobs synchronously active on it, and (iv) variability in motoneurone 
threshold is random. A good agreement between theory and individual 
experiments was obtained by adjusting two independent parameters. One of 
these represents the variability between motoneurones in their degree of 
reflex excitation; it is constant at different levels of reflex excitability. The 
other parameter depends on the level of reflex excitability, and represents the 
average threshold of a motoneurone. 

Predictions from this theory agree well with the experimental observation 
that the factor of post-tetanic potentiation of reflex output is large when the 
level of reflex excitability is low. The theory has also been extended to apply 
to the grades of reflex facilitation obtainable when the two branches of 
gastrocnemius nerve are stimulated separately. 


Steep frequency-of-seeing curves. By B. H. Crawrorp and M. H. 
PIRENNE 


‘The response of vestibular sense endings to galvanic stimulation. 
By O. E. LowEnsTEe1n 


The response of the lateralis organs of Xenopus laevis to thermal 
and electrical stimulation. By R. W. Murray 


Formation of acetylcholine-like substance by rabbit heart. By 
Briscoz and J.H. Burn. Department of Pharmacology, University 
of Oxford 

We have carried out experiments in which the isolated heart of the rabbit has 

been perfused by the Langendorff method with Locke’s solution containing 

eserine sulphate (4 x 10-* g/ml.). 
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30 ml. of Locke’s solution was used, and after passing through the heart it 
was returned to the reservoir and then re-perfused during a period of 40 min. 
When portions of this fluid were withdrawn at intervals and tested on the 
leech they caused contractions which progressively increased in size. These 
contractions did not occur in the presence of p-tubocurarine. When the whole 
perfusate was ‘freeze-dried’, the residue taken up in alcohol, the solution 
evaporated and the residue taken up in saline, the extract was found to cause 
a fall of blood pressure in the cat, inhibition of the frog heart and stimulation 
of the frog rectus. These effects were not obtained with control fluid similarly 
prepared. The activity measured in comparison with acetylcholine was 
similar by all three tests and was therefore probably due to acetylcholine. 
When measured in comparison with propionylcholine the activity was dis- 
similar by the different tests. 

The ACh-like activity appeared in similar amounts: (1) when the Locke’s 
solution was prepared from air-free distilled water, and when nitrogen was 
used for aeration, and (2) when cocaine hydrochloride 10-}g/ml. was present 
in the perfusate. In these circumstances the conten ns continued. The 
ACh-like substance did not appear except in very smaH amounts (1) when the 
perfusate contained dinitrophenol 5 x 10-°m which arrested the contractions, 
and (2) when the perfusate contained no calcium, which also arrested the 
contractions. The mean production of ACh-like substance was 0-13 yg per heart 
in 40 min, the maximum being 0-4 yg. 


Adrenaline estimations in peripheral blood during insulin hypo- 
glycaemia. By Marcaretae and Marrae Voer. 
Department of Pharmacology, University of Edinburgh 

Adrenaline concentrations in plasma from peripheral blood of dogs were 

measured during hypoglycaemia produced by insulin. Samples of 12-15 ml. 

blood were collected from the saphenous or cephalic vein, special precautions 

being taken to avoid the release of 5-hydroxytryptamine. The blood was — 
cooled, centrifuged, the plasma extracted and the extract purified and 
chromatographed on paper. The eluates of the paper strips containing adren- 
aline and noradrenaline respectively were assayed biologically in a final 
solution which had one-tenth of the volume of the original plasma. The 
method permits the estimation of amines added to plasma in concentrations 
of <0-4 ug adrenaline and of 1-0 ug noradrenaline/]. plasma. 

There was invariably a rise in the adrenaline content of plasma when 
insulin (0-2-2-1 u/kg) was injected intravenously; it was observed 5 min after 
the injection and lasted for several hours. It was greater and more prolonged 


with larger doses of insulin. The concentrations of adrenaline ranged from 
0-25-64 ug/l. plasma. 
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The control samples of plasma taken before the injection contained so little 
adrenaline that its concentration was occasionally below the threshold of the 
method. The mean of three estimations in which an assay was possible was 
0-13 

A single experiment on a human volunteer gave adrenaline concentrations 
before and after the injection of insulin (0-24 u/kg) which fell within the 
range of the figures observed in the dog. ) 

Noradrenaline was not found in any sample of plasma: its concentration 
must therefore have been below 1 yg/I. 

Thirty years ago, Cannon, McIver & Bliss (1924), and Abe (1924), showed, 
by indirect qualitative methods based on the sensitization of sympathetically 
denervated organs to adrenaline, that there was a rise in circulating adrenaline 
in hypoglycaemia. These findings were contradicted recently by Weil- 
Malherbe (1953) and Weil-Malherbe & Bone (1952) who used a fluorimetric 
method and described a fall in adrenaline concentration. Our results differ 
from those of the fluorimetric estimations in two points. They give far lower 
pre-insulin concentrations of amines, and they show a rise in plasma adrenaline 
during hypoglycaemia. 
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The effect of ganglion block and L-noradrenaline on the blood 
pressure of normal and hypertensive rabbits. By J. Conway. 
Department of Physiology, Charing Cross Hospital Medical School, 
London, W.C. 2 | 


In a series of fourteen rabbits the effect on the blood pressure of maximal 
doses of hexa or pentamethonium and of infusions of L-noradrenaline, before 
and after the injection of ganglion blocking agents, was determined on forty- 
one separate occasions. The rabbits were then rendered hypertensive by 
inducing perinephric fibrosis, and the procedure repeated on fifty-one 
occasions. After anaesthetizing the ear, blood pressures were measured from 
the central artery by a condenser manometer. General anaesthesia was not 
used, 

The average normal mean blood pressure was 57 (s.p. 8-2) mm Hg and after 
hypertension it rose to 93 (s.p. 11-8) mm Hg. 

Very large doses of methonium compounds were necessary to produce the 
maximal effect on ganglia, an initial loading dose of 25 mg/kg was given 
intravenously and this was followed by a further 1-2 injections of 8 mg/kg 
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in the course of the experiment. Blocking the autonomic ganglia reduced the 
blood pressure in normal rabbits by 12 (s.p. 7 -6) mm Hg, and in hypertension 
by 21 (s.p. 13-5) mm Hg. 

To make direct comparisons a standard submaximal dose of noradrenaline 
was used throughout. The average response in normals was 23 mm Hg and 
after ganglion block 51 (s.p. 7-2) mm Hg. In hypertension the response was 
29 mm Hg and after ganglion block 75 (s.p. 13-5) mm Hg. The difference 
between the normal and hypertensive responses after ganglion block is 
significant, but not when the regulatory reflexes were working normally. 

The increased responses to ganglion block and to noradrenaline were not 
related to the initial blood pressure, or to the rise in pressure in hypertension. 

When the behaviour of each rabbit was taken separately the proportional 
increase in response to ganglion block in hypertension 

fall in hypertensive pressure\ 
( fallin normal pressure / 


is significantly related to the proportional increase in response to noradrenaline 
increase in hypertensive | 
increase in normal pressure 


Persistence of a 24 hr pattern of diuresis in human subjects 
living on a 22 hr day. By P. R. Lewis and Mary C. Loppay. 
Physiological Laboratory, University of Cambridge 

Man exhibits a marked diurnal excretory rhythm (Stanbury & Thomson, 1951) 

characterized by oliguria during normal nocturnal sleep and increased water 

and salt excretion during the day. Mills & Stanbury (1952) have shown that 
this 24 hr rhythm persists for at least 48 hr in subjects living on a 12 hr 
routine. In order to study the persistence of this 24 hr rhythm over a longer 
period eight subjects lived as an isolated community in Spitzhergen for the 
months of July and August 1953. (The ages of these subjects, five male and 
three female, ranged from 21 to 33 years.) For the major part of this time 
they lived on a 22 hr day. On certain days urine samples were collected at 
frequent intervals to determine the pattern of excretion; and on these days 
activity, diet and fluid intake were controlled as closely as possible. Small 
quantities of most of these urine samples were preserved and brought back to 

Cambridge to be analysed, eventually, for various constituents such as sodium 

and potassium. 

The eight subjects showed widely differing patterns of urine flow when 
living on the 22 hr day. Most of them showed some evidence of a persistent 
24hr rhythm, though superimposed on it was an environmental (22 hr) 
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rhythm and a not inconsiderable amount of apparently random variation. 
One feature of the excretory pattern deserves special mention since it shows 
so clearly the existence of an underlying 24 hr rhythm. Under normal living 
conditions any periods of marked diuresis which occur (urine flow greater than, 
say, 2°5 ml./min) are almost invariably restricted to the waking hours. Only 
one subject showed this same pattern of diuresis, however, when living on the 
22 hr day. In fact, several members of the expedition suffered from frequent 
nocturnal diuresis; that is, diureses occurring during the first few hours after 
retiring to bed. These nocturnal diureses were far more frequent when the 
period of sleep coincided with day-time in Great Britain than when it coincided 
with night-time. For two of the eight subjects this same close correlation with 
the true time of day was also shown by the periods of diuresis which they had 
during their waking hours. 
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Sodium chloride and the action of drugs. By R. J. 8. McDowati 
and A. A. I. Sorman. King’s College, University of London 


The insensitivity of the isolated guinea-pig’s uterus in Krebs’s solution to 
a small dose of histamine whether produced by a large dose of histamine or 
by the antihistamine, mepyramine, is abolished by reducing the sodium 
chloride in the bath to half, osmotic pressure being maintained by sucrose. 
The similar insensitivity to acetylcholine produced by large doses or by 
atropine is likewise abolished. Reduction of the sodium chloride has a 
negligible effect on the reaction to acetylcholine and histamine before the 
addition of the blocking agents. 

The addition of strophanthin to the bath acts like reducing the sodium (see 
McDowall & Zayat, 1952). Thus a dose of atropine (2-6 4g.) which is sufficient 
to block a small dose of acetylcholine (5-10ug) can no longer do so if stro- 
phanthin (2g) is added to the bath. If, however, the temperature of the bath 
is increased to 41° C the unblocking effects do not occur. 

It is suggested that the large doses of histamine or acetylcholine or the 
blocking agents cause sodium chloride to be taken up at the specific receptors, 
and that strophanthin has the reverse effect. 
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Arterial flow pattern in relation to changes in vascular resistance. 
By D. A. McDonatp. Department of Physiology, St Bartholomew’ s 
Hospital Medical College, London, E.C. 1 


The phasic flow pattern in the abdominal aorta of the rabbit under normal 
conditions has been recorded in a previous paper (McDonald, 1952). There it 
was suggested that the backflow phase, that was seen following the fast forward 
flow during systole, was related to the run-off into the splanchnic arteries 
during diastole. To test this hypothesis the flow pattern was recorded by 
filming the traverse of O, bubbles, as before, and observing the changes due to 
the obstruction of various branches. The O, was injected through a polythene 
cannula in the left renal artery and the flow studied in the aorta immediately 
distal to that branch. | 
Obstruction of the coeliac and superior mesenteric arteries together elimi- 
nated the backflow phase. Release of the obstruction was followed by an increase 
of backflow above normal, and this was attributed to reactive hyperaemia 
in the splanchnic vascular bed. Conversely, obstruction of the aorta at its 
bifurcation caused a large increase in backflow, and after its release the flow 
showed a greatly reduced, or no backflow phase and an increase in forward flow 


during diastole. Changes in the flow pattern in the same sense but of lesser — 


degree were observed with smaller obstructions. Hence it is suggested that the 
backflow phase is a period when there is run-off into lateral branches proximal 
to the point of observation. If the vascular resistance is less in the proximal 
branches than in the distal ones at the end of systole then backflow will occur, 
and will continue until equilibrium is reached. If the distal resistance is the 
less then forward flow will occur during the same period. Accurate recording 
of the phasic pattern of arterial flow can, therefore, give information as to 
the relative vascular resistance in the various parts of the body at a given time. 


I am grateful to Dr E. P. W. Helps for invaluable assistance with these experiments and to the 
Medical Research Council for a grant defraying the costs of the high-speed cinematography. 


REFERENCE 
McDonald, D, A. (1952). J. Physiol. 118, 328-339. 


An attempt to separate myocardial and vasomotor factors as 


determinants of coronary flow. By ©. J. Wicerrs. Cleveland, 
_ Ohio, U.S.A. 


It is my considered opinion that evidence of coronary vasomotion cannot be 
obtained by flow and pressure measurements. This is due to the fact that the 
coronary bed fills during diastole and empties predominantly during systole 
(Anrep), and this reciprocating action affects the cyclic coronary flow. 
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An effort was made to dissociate the effects of changes in vasomotor tone, 
aortic pressure and myocardial contraction by integrating phasic coronary 
sinus flow curves in such a way that the volume flow during systole plus iso- 
metric relaxation could be compared with that during the remainder of 
diastole. Comparative changes during these two periods of the heart cycle 
were used as an index of the extent to which venous blood is propelled 
respectively by muscular contraction and vis a tergo operating against vascular 
resistance. 

The following reactions were obtained: anoxia and adenylic acid augmented 
coronary flow during diastole regardless of the directional change in aortic 
pressure, indicating coronary vasodilation. But the increased myocardial 
contractions proved to be the most potent factor in evacuating blood into the 
coronary sinus. Small doses of adrenaline at equivalent heart rates caused 
a reduction in coronary flow indicating, contrary to general interpretations, 
that coronary vessels are constricted. The increase in coronary flow appears 
to be due entirely to better evacuation of blood through more vigorous 
contractions. 


Potentiation of 5-hydroxytryptamine by the true-cholinesterase 
inhibitor 284C51. By P. A. Ropertson. Ophthalmological Research 
Unit, M.R.C., Institute of Ophthalmology, Judd Street, London, W.C.1 


Previous results (Robertson, 1953) on the interaction of 5-hydroxytryptamine 
(HT) with atropine suggested the possibility that its action on the gut was 
‘indirect’. It has also been found that HT stimulates the cat’s perfused 
superior cervical ganglion. 

The question has now been examined, on the rabbit’s ileum, whether the 
action of HT can be potentiated by an anticholinesterase. This is difficult to 
show with eserine because of the changing base-line. Satisfactory results have 
been obtained with the specific inhibitor of true ChE, 284051 (Austin & Berry, 
1953). With conens. 1-5 x 10-*, there is an initial spasm lasting 6-12 min, but 
the gut then relaxes to the original base-line with little or no alteration in 
amplitude of pendulum movements. It was then possible to show, in thirteen 
of fourteen experiments, that the effect of HT, as also of nicotine, was greatly 
potentiated. ACh was enhanced to a lesser extent or (in half the experiments) 
not at all. 

These results provide further evidence in favour of an ‘indirect’ action of 
HT and support the view that the effect of nicotine is mediated by the release 
of an ACh-like substance. It would appear that inhibition of true ChE 
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potentiates nervously released ACh to a greater extent than added ACh. 
This could be due to hydrolysis of the latter principally by pseudo-ChE and of 
the former largely by true ChE. 

The 284C51 was kindly supplied by Dr F. C. Copp, The Wellcome Laboratories, Beckenham. 
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The action of ‘Darmstoff’ on the rabbit ileum. By N. Ampacue. 


Ophthalmological Research Unit, M.R.C., Institute of Ophthalmology, Judd 

Street, London, W.C, 1 | 
The isolation and properties of ‘Darmstoff’ have been described by Vogt 
(1953). In the present experiments isolated preparations of rabbit ileum 
responded vigorously to Darmstoff (1-6 x 10-*), but sometimes became less 
sensitive after several hours in the organ-bath. In preparations previously 
treated for 10-20 min with botulinum toxin D m vitro the response to Darm- 
stoff was greatly reduced, abolished, or reversed. The dose of toxin was 
lowered to 0-16-0-65 mg in a 5 ml. bath (1 mg=10’ mouse LD,,); this was 
adequate to paralyse the motor response to nicotine. The decline in the 
Darmstoff response paralleled that of nicotine, When paralysis was fully 
developed there was no response to 4-8 x the original dose of Darmstoff. The 
action of this substance on the normal gut appears therefore to be indirect; it 
is not, however, blocked by hexamethonium. In five out of six experiments 
Darmstoff responses were potentiated by the inhibitor of true cholinesterase 
284051. 

Since the smooth muscle, in toxin-denervated preparations, is insensitive to 

Darmstoff, it would seem unlikely that this substance could serve as a post- 
ganglionic transmitter in the rabbit. 


The Darmstoff was kindly supplied by Dr W. Vogt, Gottingen. 
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The interpretation of the pressure-volume curve of the rabbit’s 
lung. By L. Bernstein. Department of Physiology, London Hospital 
Medical College, London, E. 1 

If the pressure-volume curve of a rabbit’s lungs is determined repeatedly 

over the range of inflation volumes corresponding to the ‘straight’ portion of 

the curve, without ever exceeding the inflation volume at which inflexion of 
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the curve would occur, the adaptation effect described by Bernstein (1954a) 
does not appear. Adaptation does, however, occur as soon as the primary 
inflation volume is increased beyond this limit and it increases in degree with 
increased primary inflation volumes (Bernstein, 19545). 

It is possible that the ‘straight’ portion of the curve corresponds to the 
inflation of those parts of the lungs which are being ventilated repeatedly by 
the normal tidal ventilation necessary to keep the animal alive, so that it is, 
in effect, the adapted curve for this portion of the lung tissue. 

In experiments using anaesthetized and curarized rabbits, maintained on 
artificial respiration, the unadapted and adapted pressure-volume curves were 
determined. The tidal ventilation was then reduced to a very small volume, 
the animal being kept alive by an increase in respiratory rate and by using 
oxygen as the respired gas. After periods up to 2 hr of reduced tidal ventilation, 
the unadapted and adapted pressure volume curves were redetermined. The 
unadapted curve now resembled the S-shaped curve described by Lawton & 
Joslin (1951) for the isolated lungs of rats, while the adapted curve was almost 
identical with that obtained before the period of reduced ventilation. 

It therefore seems reasonable to assume that the S-shaped curve represents 
the behaviour of recently unventilated lung tissue, and the adapted curve that 
of recently ventilated lung tissue. Lungs which recently have been partially 
ventilated would be expected to give rise to a pressure-volume curve con- 
sisting of intersecting portions of these two curves, and this is, in fact, what is 
found. 
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The relation between work/cycle and frequency for rat lungs. 
By L. E. Mount. Institute of Animal Physiology, Babraham, Cambridge 


Pressure-volume diagrams for rat lungs have been obtained from open-chest 
preparations (urethane anaesthesia) over a frequency range of 1-6-365/min 
using a closed sinusoidal pump system. The work done on the lungs in each 
cycle is given by the area of the diagram, and is indicative of total flow 
resistance. Measurements have been made both on lungs with intact circu- 
lation and on exsanguinated lungs. 

Work/cycle and frequency at constant stroke volume are not linearly 
related; there is a relatively high value of work/cycle at low frequencies, and 
this is only slightly influenced by changes in gas-flow resistance brought about 
by varying gas density and viscosity with helium and hydrogen. The effects 
of gas variations increase as frequency rises. 
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This is in accordance with the observations of Bayliss & Robertson (1939) 
on cat lungs, and suggests that in these conditions there is a large work 
component at low frequencies related to tissue deformation. 


REFERENCE 
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Pulmonary vasomotor responses and acid-base balance in perfused 
eviscerated dog preparations. By I. pz Burcs Daty, J. L. Livze11, 
L. E. Mount and G. M. H. Warrss. Institute of Animal Physiology, 
Babraham, Cambridge 
It has been shown under a variety of experimental conditions that stimulation 
of the pulmonary sympathetic vasomotor nerves in the dog predominantly 
causes pulmonary vasoconstriction. It is also known that in the dog exercise 
and other physiological conditions are associated with wide changes in the 
acid-base balance of the blood. We therefore examined the effect of altering 
the blood pH and CO, content on the nature of pulmonary vasomotor responses 
to sympathetic nerve stimulations. Experiments will be described in which 
such acid-base changes were produced; it was found that they did not abolish 
or reverse the pulmonary vasoconstrictor response which remained throughout 
all experiments. 


Prolonged dilatation of the forearm blood vessels after a large 
increase in transmural pressure. By A. D. M. GreEnFiz.p, 
D. Kersiaxe and G. C. Patterson. R.A.F. Institute of Aviation 
Medicine, Farnborough, Hants, and the Department of Physiology, The 
Queen’s University of Belfast 
An increase in transmural pressure of the arm blood vessels can be produced 
by reducing the atmospheric pressure on the arm and leaving that on the 
remainder of the body unchanged, or by leaving the atmospheric pressure on 
the arm unchanged and raising that on the remainder of the body. The former 
method may, but the latter cannot, cause aeroembolism. Using the former 
method, prolonged vasodilatation was found by Greenfield & Patterson 
(19544, 6) after exposure to 150 or 200 mm Hg differential pressure for 1 min, 
but not after 50 or 100mm Hg. A similar vasodilatation has now been 
demonstrated by the latter method after exposure to similar differential 
pressures. 
The subject was seated in a pressure tank with his left arm projecting 
through a hole in the wall; a rubber sleeve attached to the hole tightened on 
to the arm and made an airtight seal when the pressure in the tank was raised. 
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The blood flow through both forearms was measured with venous occlusion 
plethysmographs (Cooper & Kerslake, 1951) before and after the pressure on 
the subject had been raised for 1 min above the constant pressure on the left 
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arm. The inflows to the left forearm are expressed as percentages of the flows 
which would have been expected had there been no local disturbance of the 
circulation (Greenfield & Patterson, 19546). Vasodilatation followed exposure 
to differential pressures of 140 and 186 mm Hg, but not 95 mm Hg. 
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The measurement of forearm blood flow during a raised venous 
pressure. By 0. G. Epxotm, M. F. Morerra and Atriz Y. WERNER. 
Division of Human Physiology, National Institute for Medical Research, 
London 

The measurement of forearm blood flow by venous occlusion plethysmography 

is based on the prevention of the venous outflow by the inflation of a cuff on 

the upper arm to a pressure approximately equal to the diastolic pressure. 

The record of the forearm volume shows a rise, the slope of which depends on 

the rate of blood flow. The rising curve gradually flattens and reaches a plateau. 

It is generally assumed that the venous pressure peripherally has increased, 

and finally just exceeds the cuff pressure so the venous blood can flow under- 

neath the cuff. In order to measure the rate of blood flow at this stage, it is 
necessary further to increase the pressure in the venous occlusion cuff and so 
temporarily once more prevent the venous outflow. Increments of 20 mm Hg 
over the occluding cuff pressure for 5 sec periods have been employed and 
satisfactory records obtained. The blood flow in the forearm has been measured 
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with the venous pressure raised to 40, 60 and 80 mm Hg. Venous and arterial 
pressures have been recorded using capacitance gauges. The initial rate of 
rise of venous pressure in the same subject is similar whatever the collecting 
cuff pressure may be, so the time taken to reach a plateau is longer the higher 
the pressure. Arterial pressure, below the collecting cuff, is not changed. 

The rate of blood flow decreases steadily during the initial rise of venous 
pressure, but reaches a constant level and does not decrease more when 
venous pressure is further raised. The blood flow when the venous pressure 
has reached a steady level is similar at pressures of 40, 60 or 80 mm Hg. These 
results suggest that there is a diminished arteriolar resistance when the 
venous pressure is raised. 


The modification of the arterial wall in baroceptor areas. By 
J. Boss and J. H. Gren. Departments of Anatomy and Physiology, 
Middlesex Hospital Medical School, London, W. 1 


The six baroceptor areas of the right common carotid artery in the cat 
(cf. Boss & Green, 1954) show characteristic modifications of the arterial wall. 
De Castro (1928) has described the arrangement of the elastic in the wall of 
the carotid sinus, but the present observations have been made principally on 
areas la, 2 and 3, from which no arterial branches arise; thus the arterial 
structure associated with baroceptor innervation could be distinguished from 
the modification of the vessel wall at the origin of a branch. 

The following were the characteristics which distinguished the arterial wall 
in baroceptor areas from that elsewhere: (a) the elastic of the media was less 
corrugated in cross-section; (6) there were fewer elastic laminae in the media; 
(c) there was less muscle in the media; (d) the adventitial collagen was in finer 
bundles. 

The situation of any area of modified arterial wall was characterized thus: 
(a) it was found in, and only in, a baroceptor area; (b) it was found only on 
the side of the artery where the adventitia contained the nervous structures 
already shown by Boss & Green (1954) to be associated with baroceptor 
activity; (c) in areas la, 2 and 3 it was found in the complete absence of 
arterial branching. 

In the carotid sinus, the common carotid area and area 1 there were modifi- 
cations of the arterial wall characteristic of sites of branching. Preliminary 
observations suggest that the structural features associated with baroceptor 
innervation may be superimposed upon those which accompany arterial 


branching. 
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Emotional inhibition of the milk-ejection reflex. By B. A. Cross. 
Department of Veterinary Clinical Studies, University of Cambridge 
There is good evidence in the rabbit that ejection of milk from the maternal 
mammary glands during nursing depends on a reflex release of oxytocin from 
the posterior pituitary gland (Cross & Harris, 1952; Cross, 1953a). Electrical 
stimulation of the lateral and posterior regions of the hypothalamus prevents 
the milk-ejection response to injected oxytocin by the mammary vaso- 
constriction resulting from the secretion of medullary adrenaline (Cross, 19530 
and unpublished work). The present experiments were devised to see if this 
peripheral inhibitory mechanism plays a part in emotional block of milk 

ejection. 

Fifteen lactating rabbits were placed on a regime of once daily suckling 
(Cross, 1951) in which litter weights, milk yield and duration of nursing were 
recorded. On selected days each doe was subjected to restraint on a rack 
designed to hold the animal securely but painlessly in a supine position for 
suckling by the litter. The efficiency of milk ejection was estimated by com- 
parison of the milk yield with that of normal nursing periods and by replace- 
ment therapy with 50 mv ‘Pitocin’ (Parke Davis and Co.). If this dose was 
effective only after induction of anaesthesia with sodium pentobarbitone it 
was concluded that a peripheral block of milk ejection due to sympathetico- 
adrenal activity had occurred. Each animal was tested several times during 
the lactation and in some cases a teat was cannulated and milk-ejection 
responses recorded kymographically. Additional emotional stimuli (loud 
noise and mild subcutaneous faradic shocks) were occasionally employed. 
The results indicated that a peripheral block of milk ejection does occur but 
less readily than a central inhibition of oxytocin release. The animals varied 
in their susceptibility to emotional stimuli and a few does showed no dis- 
turbance of milk ejection in supine restraint. Milk secretion, as judged by the 
milk yields in ensuing normal nursing periods, was frequently unaffected by 
emotional stimuli which inhibited milk ejection. 
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Estimation of the plasma histamine concentration in cats, by the 
colorimetric method of Lowry, Graham and others. By V. R. 
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The isolation and estimation of normal urinary mucoproteins. 
By A. J. Anpgrson and N. F. Mactacan. Department of Chemical 
Pathology, Westminster Medical School, London, 8.W. 1 


Mucoprotein is a constituent of normal human urine (Tamm & Horsfall, 1950, 
1952) but is not detectable by the usual protein precipitants. A convenient 
method of isolation is that of benzoic acid adsorption (Anderson, 1954) similar 
to that previously used for gonadotrophin assay (Katzman & Doisy, 1932). 
Further work showed that a higher yield was obtainable by this process if the 
presence of acetone was avoided and the following method was finally adopted : 

To each litre of filtered normal male urine was added 125 ml. of 2m sodium 
benzoate followed by 100 ml. of 2n hydrochloric acid. After treating the 
precipitate, as described previously, 1:37 g of a light brown powder was 
obtained from 521. of urine. Analysis: N, 9°5%; acetyl, 4-3%; hexosamine, 
169%; reducing power expressed as glucose (before hydrolysis), 8-3%; 
reducing power (after hydrolysis with 2n hydrochloric acid at 100° C for 
4 hr), 15-2%. These figures are comparable with those previously given for 
mucoprotein A (Anderson, 1954). 

A quantitative method of estimation was also developed employing the 
diphenylamine reagent of Ayala, Moore & Hess (1951). 4 ml. of 2n hydrochloric 
acid was added to 40 ml. of urine containing 5 ml. of 2m sodium benzoate. The 
precipitate was treated with acetone to dissolve the benzoic acid and the 
residue of mucoprotein dissolved in 2 ml. of water at pH 9-9-5. It was re- 
precipitated with 8 ml. of acetone, plus one drop of saturated sodium chloride 
solution. The precipitate was treated with two 4 ml. portions of water at 
pH 9-9-5. The combined supernatants (8 ml.) were mixed. To 3 ml. was added 
3 ml. of diphenylamine reagent (1 g diphenylamine, 90 ml. of glacial acetic 
acid and 10 ml. of conc. sulphuric acid) and the mixture heated for exactly 
30 min in a boiling water-bath. Colours were read in a photoelectric colori- 
meter and compared against the standard mucoprotein preparation using a 
spectrum green filter (520 my). A linear relationship exists between extinction 
and amount of mucoprotein up to about 8 mg/40 ml. of water. Quantitative 
recoveries were obtained on adding 1-5 mg of mucoprotein to 40 ml. of urine. 

A study of the rate of excretion at different times of day failed to show any 
significant trend. Ten normal males excreted, in 24 hr, 115-180 mg (average 
146 mg), and ten females excreted 78-149 mg (average 106 mg), with concen- 
trations in the range 6-3-14-0 mg/100 ml. The difference between the male 
and female excretion is statistically significant (40 + 9-8, P <0-001). 
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The output of adrenaline and noradrenaline from the adrenal 
glands of the calf. By Marian Surver. Physiological Laboratory, 
University of Cambridge 

It has been shown in a number of species that the adrenal glands of the foetus 
and new-born animal contain a higher proportion of noradrenaline than those 
of the adult (Holton, 1951; Shepherd & West, 1951). No information was 
available on the output.of adrenaline and noradrenaline in young animals, 
and it seemed of interest to determine whether the gradual increase in 
percentage methylation of the amines in the glands was accompanied by any 
similar change in their secretion. 

Twenty-five male Jersey calves from 3 hr to 130 days of age were used. 
Samples of adrenal effluent blood were collected under chloralose anaesthesia ; 
the amount of noradrenaline and adrenaline in the plasma and adrenal glands 
was estimated by the method of Vogt (1952). 

During the first 24 hr of life, splanchnic nerve stimulation resulted in little 
or no increase in output of either amine over the resting level of secretion. 
After 40 hr, a striking rise in noradrenaline output from a resting level of 
0-100 + 0-027 yg to 1-606 +0-226 ng/ml. plasma was obtained after stimu- 
lation. No significant change in the plasma adrenaline level was observed 
until 15-20 days after birth, when on stimulation of the splanchnic nerve the 
resting level of 0-301 + 0-130 wg adrenaline/ml. plasma increased to 0-986 + 
0-079 ug/ml. Thereafter a gradual rise in the output of both amines occurred so 
that in calves of 50-130 days of age mean values of 5-284 +0-598 ug nor- 
adrenaline and 3-992 + 1-120 ug adrenaline/ml. plasma were obtained after 
stimulation. 

After 3 weeks of life the concentration of adrenaline in the adrenal glands 
was greater than that of noradrenaline. The percentage methylation increased 
from 51-2+ 1-70 to 67-1+2-83% during this period. In older calves (80-130 
days) 74-5+2-55% adrenaline was present. 

Prolonged splanchnic stimulation led to a decline in the output of both 
amines; a pronounced fall in the level of noradrenaline was apparent after 
10 min. There was a significant loss of both amines from the stimulated gland 
when compared with the non-stimulated control gland (P<0-001, paired 
sample analysis). 

Unlike the young calf the adrenal effluent blood of the lamb (1-14 days) 
contained large amounts of both adrenaline and noradrenaline after splanchnic 
stimulation. The values obtained for three lambs did not differ markedly from 
the levels found in the adult sheep. The adrenals of the lamb contained a high 
proportion of adrenaline at birth, a gradual increase in the adrenaline 
concentration occurring during the last month 1m utero. 


This work was carried out during the tenure of a research grant from the Agricultural Research 
Council. 
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Effects of high oxygen pressures on adrenalectomized, treated 
and untreated rats. By D. W. Taytor. Department of Physiology, 
University of Aberdeen 

It has been reported that adrenalectomy exercises a decidedly protective 
effect on rats exposed to high oxygen pressures (Bean, 1953; Gerschman & 
Nadig, 1953; Taylor, 1953). Bean has also shown that hypophysectomy 
exercises a similar effect and that cortisone enhances the pulmonary damage 
in such animals but appears, on the contrary, to protect against the acute 
and chronic neuromuscular reactions. In this laboratory preliminary experi- 
ments had suggested that DOCA and cortisone reduced convulsion time in 
adrenalectomized rats and therefore a more complete investigation was under- 
taken to see if replacement therapy did in fact cause a reversion to the 
reactions of normal rats. 

Two groups of rats, one unoperated the other bilaterally adrenalectomized, 
were divided into subgroups treated respectively with DOCA, cortisone (each 
1 mg/100 g body weight), thyroid (10 mg/100 g orally) for 7 days prior to 
exposure, adrenaline (single injections—0-05 mg per rat subcutaneously) and 
adrenaline in combination with each of the other three substances; each 
group also contained an untreated subgroup. In all, 144 rats were used. The 
range of convulsion times is very wide in adrenalectomized animals, and an 
attempt was made to allow for this in the experimental design. The animals 
were exposed 14 days after operation to oxygen at 6 atm and convulsion times 
determined. 

Again, the effect of adrenalectomy was highly significant (convulsion time 
53 min as compared with 38-3 min; P<0-001). In unoperated rats thyroid 
decreased convulsion time (P<0-01) in agreement with previous work 
(Grossman & Penrod, 1949). This effect was not apparent in operated rats. 
The only other effect to reach significance (P<0-05) was the interaction of 
cortisone with the operation, the convulsion time being decreased in un- 
operated and increased in operated animals. No significant change in lung 
damage was detected following cortisone. DOCA-treated animals showed 
a rather low convulsion time and severe degree of lung damage, and although 
this was not significant, it was thought that a deleterious effect might be 
concealed by the variability of the whole group. Accordingly, in a further set 
of experiments, thirty-two adrenalectomized rats were exposed for 50 min; 
those convulsing were rejected, the rest were divided into two groups of seven, 
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one treated with DOCA and the other untreated. On re-exposure, however, 
there was no difference between the groups, either in convulsion time or in 
degree of lung damage. 

A similar set of experiments with comparable numbers was performed 
using whole cortical extract (‘Eucortone’) —1 ml./100 g/day. In these, the © 
difference was significant (P<0-01), all treated animals except one reverting 
to essentially normal convulsion times as compared with none of the controls. 
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Heparin and histamine in mast cell tumours. By Roszmary Cass, 
K. W. Heap, J. F. Rizey, 8. W. Stroup and G. B. West. Department 
of Pharmacology and Therapeutics, Medical School, Dundee, Research 
Department, Biochemistry Division, Boots Pure Drug Co. Ltd., Nottingham, 
and Department of Veterinary Pathology, Royal (Dick) School of Veterinary 
Studies, Edinburgh 

Various workers have stated that the rare subcutaneous mast cell tumour of 

the dog is rich in heparin (Oliver, Bloom & Mangieri, 1947) and in histamine 

(Riley & West, 1953). This communication reports the findings for both heparin 

and histamine in each of six fresh examples of this tumour. 

Heparin was measured by the technique of Adams & Smith (1950), hist- 
amine by well-established methods previously described (Riley & West, 1953). 
The mean values for heparin and histamine in normal dog skin were found to 
be 4i.u./g and 10 ug/g respectively, whereas the corresponding values in the 
tumours were 120 i.u./g and 594 ywg/g. The histamine content of a particular 
tumour appeared to depend chiefly on the cellularity of the tumour and the 
speed with which it was placed in trichloracetic acid after removal; the 
heparin content was more closely related to the proportion of cells which 
stained with toluidine blue. Three tumours recurred after removal necessitating 
destruction of the dogs. 

It was of interest to note that histological evidence of tumour mast cells 
spleen and liver in lymph nodes, could be anticipated by the finding of raised 
heparin and histamine values in these organs. This study thus provides con- 
vineing support for the belief that mast cells 3 in the dog are exceptionally 
rich in heparin and histamine. 
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Water balance of pregnant rats. By S. D. Morrison. Institute of 
Physiology, University of Glasgow 
From indirect evidence a high water retention during pregnancy in women and 
other mammals has been inferred (Chesley, 1944). The bases of this inference 
are the considerable weight gain of the pregnant organism in excess of that 
attributable to the reproductive structures; the increased blood volume and 
haemodilution; and the tendency to oedema especially in human pregnancy. 
An increased water loss sometimes occurs post partum. Recently Dewar 
(1953) has demonstrated directly a post partum loss of water in the mouse, 
corresponding in time and magnitude to the post partum loss of body weight. 

In the present work, the water balance of pregnant rats was measured 
directly, by a closed circuit method similar to that described by Dewar & 
Newton (1948). In four pregnancies the water balance during days 9-12 and 
days 15-22 of gestation was measured; and in two pregnancies the water 
balance was measured continuously from mating to parturition. 

Up to about the 14th day of gestation there was little retention of water 
(+0-7 + 0-25 g/day). Thereafter there was a consistent retention of +3-6 + 0-33 
g/day. This change in rate of water retention corresponded in time to the 
beginning of rapid conceptual growth. In no case, however, was the total 
water retained throughout pregnancy in excess of the water content of the 
foetuses and membranes and of the maternal reproductive tissues. In two 
second pregnancies, with small litters, the estimated total retention of water 
throughout gestation was less than would be expected from the calculated 
water content of the full term uterus and its contents and the mammary glands. 
These findings hold for pregnancies in which the gain in weight of maternal 
tissue during pregnancy was 7-45 °%, of the initial body weight. 

The present observations on the rat, then, show no evidence that retention 
of water contributes materially to the observed increase in weight of the 
maternal non-reproductive tissues during pregnancy. 

The expenses of this work were defrayed by the D. C. Andrew Research Fund of the University 
of Glasgow. 
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The cause of the vasodilatation in the submandibular gland on 
stimulation of the chorda tympani. By 8. M. Hmron and G. P. 
Lewis. National Institute for Medical Research, Mill Hill, London, N.W.7 

Stimulation of the chorda tympani produces in the salivary gland a pro- 

nounced vasodilatation, which, though reduced, is not abolished by atropine. 

Dale & Gaddum (1930) did not take this atropine resistance as evidence for 
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the presence of non-cholinergic vasodilator fibres, but suggested that acety)- 
choline is released from cholinergic fibres in such great ‘intimacy with the 
receptor mechanism that atropine cannot prevent its access thereto’. Bar- 
croft (1914) had previously discarded the notion of special vasodilator fibres 
and had presented evidence that the vasodilatation is the outcome of meta- 
bolic activity in the gland, even when secretion is abolished by atropine. In 
the present experiments these possibilities have been examined. 

Botulinum toxin, injected into the salivary gland, abolished all para- 
sympathetic effects in the gland, but not those of pilocarpine nor of sympathetic 
nerve stimulation. This finding suggests that stimulation of cholinergic fibres 
is responsible for the vasodilatation and excludes the presence of non- 
cholinergic vasodilator fibres in the chorda. It does not, however, show whether 
the acetylcholine released from the cholinergic fibres acts directly on the 
vessels or dilates them indirectly through the action of a vasodilator substance 
produced by glandular activity. 

Evidence for the release of a stable vasodilator substance from the salivary 
gland was obtained by the method applied by Lewis & Marvin (1927) to the 
analysis of antidromic vasodilatation. When the chorda tympani was stimu- 
lated during the first 15 sec of a 1 min period of circulatory arrest obtained by 
occlusion of the artery, a pronounced vasodilatation occurred on re-establish- 


- ment of the circulation, whereas circulatory arrest without chorda stimulation 


produced only a transient reactive hyperaemia. A similar result was obtained 
when the artery was occluded after an arterial injection of acetylcholine. 
The injection was made 5 sec before occlusion, so as to allow the acetylcholine 
to pass through the gland. 

The vasodilator substance released from the active gland is probably 
removed in the lymph, since chorda stimulation during venous occlusion only 
produced a marked vasodilatation when the lymph drainage had been pre- 
vented by separation of the gland from the surrounding tissue and, , 458 then, 
the vasodilatation was not always pronounced. 

Direct evidence for the production of a stable vasodilator substance was 
obtained in experiments in which the gland was perfused with oxygenated 
Locke’s solution. The perfusate collected during such a period of stimulation 
had a pronounced vasodilator activity, insensitive to atropine and mepyr- 
amine, when re-injected into the gland after normal circulation had been 
re-established, whereas perfusate collected from the gland at rest produced 
only a small increase in outflow similar to that produced by an equal volume 
of saline. 
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Optical retardations of human red blood corpuscles. By A. J. Hatz. 
Institute of Physiology, University of Glasgow 

The phase changes produced by human red blood corpuscles mounted in fresh 
plasma have been measured by two methods of interference microscopy. With 
one method the average value for the periphery of the corpuscle is + 0-25 A and 
for the centre + 0-01 A. With the other method the average values are + 0-22 and 
—0-05 A respectively. Statistical analysis using the second method has shown 
that it is possible to obtain an accurate picture of individual variations by 
examining ten corpuscles in one sample of blood by one method, and that the 
reproducible accuracy of estimations is very high. There is a variation between 
individuals showing that within normal limits as the haemoglobin value falls 
there is an increase in the optical retardation at the centre and a decrease at the 
periphery. This may be due to a reduction in the biconcavity of the corpuscle 
causing a redistribution of its contents. These data are statistically significant. 
No systematic attempt has been made to convert these figures to dry weight, 
concentration etc., because of certain limitations in the methods available. 

Examination of R.8.c. ‘ghosts’ shows that they have an optical retardation 
of 0-028 A which is uniform across their surface. Their refractive index is 
1-3502 and thus their thickness is 10,000 A (1). This figure agrees with that 
obtained by Mitchison (1950, 19534, b) and Ponder (1950) using other methods. 

I wish to thank Messrs Cooke, Troughton and Simms and Messrs Baker of Holborn for the use 
of their interference microscopes. 
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The effects of discrete hypothalamic lesions on the renal excretion 
of electrolytes in the rat. By J. H. Corr and R. J. Kexizr 
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Application of the Vierordt method of determining the rate of 
oxygen consumption to the tail of the rat. By J. M. O’Connor 


A simple method to record changes in the volume of hollow 
organs at constant pressure. By I. D. Fercuson and R. C. Garry. 
Institute of Physiology, University of Glasgow 

Movements of hollow viscera, such as gut and urinary bladder, are still not 
infrequently recorded by displacement of fluid inside the viscus. The pressure 
inside the viscus is determined by the difference in level between the viscus 
and the surface of the fluid in a vessel outside the body. Unless this vessel is 
of wide diameter, movement of fluid into the viscus as it relaxes, or expulsion 
of fluid as it contracts, alters the pressure to which the walls of the viscus are 
exposed. 

Such changes in pressure may not be of any great importance, but they can 
easily be avoided by substituting a horizontal coil of polythene tubing, of not 
more than 5 mm diameter, for the vessel outside the body. Movement of fluid 
into or out from the viscus then makes no alteration in the pressure. With this 
diameter of tubing the interface between air and fluid remains practically 
vertical and the column of fluid does not break up. A coil large enough to 
allow changes in volume of the order of 60 ml., is more than adequate to 
record movements of most hollow organs and is reasonably compact. The 
friction in the tubing seems to be of little moment and the system as a whole 
records delicately even small movements with little force behind them. 


Special sampling techniques as applied to the assay of chorionic 
gonadotrophin. By D. A. Davey and F. X. Wontzocen. Department 
of Physiology, St Mary’s Hospital Medical School, London, W. 2 
During the course of investigation into pre-eclamptic toxaemias of pregnancy 
it was desired to ascertain whether the urinary excretion of chorionic gonado- 
trophin (CG) was increased during the last trimester above the normal range 
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of 4000-11,000 i.u./24 hr as given by Loraine & Matthew (1950), and if so, to 
form an estimate of the amount of CG excreted. 

The assay method to be used was the spermiation test of male toads 
(Frazer & Wohlzogen, 1951; Wohlzogen, 1953). Toads respond to the injection 
of CG with the expulsion of spermatozoa in their urine, this response being 
quantal in character. The dose-response curve is rectilinear if the probit of the 
percentage reactors is plotted against the log. dose. The slope of the regression 
line did not vary significantly over a period of a year, and a significant shift 
of the line (i.e. alterations in the sensitivity of the toads towards CG) was only 
encountered during time intervals of more than 2 months (Wohlzogen, 1954). 

It has been shown that the problem of testing any material for its CG 
content to be above or below a given level is most efficiently solved by a 
method of sequential sampling (Bukovics & Wohlzogen, 1953, 1954). For this 
purpose the material to be tested is assumed to contain an arbitrary concentra- 
tion of CG which, in the present case, is taken as the upper limit of the normal 
range of urinary excretion. The hypothesis that the urine contains the actual 
CG concentration assumed or a lower one, is then tested against the single 
alternative hypothesis that its concentration is higher. Depending on the 
assumed concentration, the amount to be injected into each toad is adjusted 
to contain the median effective dose (ED 50), so that the animals tested may be 
considered to come from a population with 50% or less positives as against a 
population containing 50% or more positives. In the present instance a 
grouping technique was adopted; an initial group of six, followed by subse- 
quent groups of three toads, were injected and an answer was obtained with 
between six and fifteen animals. The accuracy is 80-125°% with a probability 
of committing errors of the first or second kind of P=0-033. This sampling 
plan is summarized in Table 1. The test is terminated, as soon as the number 


TaBLe | 
No. of toads Totalno. Acceptance Rejection 
Group per group of toads no. no. 
lst 6 6 1 5 
2nd 3 9 3 6 
3rd 3 12 5 7 
4th 3 15 7 8 


of positive toads, i.e. showing spermatozoa in the urine 3 hr after injection, 
agrees with or is lower than the acceptance number, or, alternatively, agrees 
with or is greater than the rejection number. In the first case the hypothesis is 
accepted that the CG level is not above normal; in the second case it is rejected 
and it is assumed that the level of CG is increased. In the latter case a further 
specification of the actual OG level in the urine was required. For this purpose 
the groups as taken for the sequential sampling plan were considered as 
samples taken from a binomially distributed population of positive and 
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- negative reactors. Corresponding to the number of reactors in each group of 
toads tested, it is then possible to assign upper and/or lower limits for the 
proportion of reactors in the population, and consequently upper and/or lower 
limits of the CG content in the injected material. 

Plotting these limits of CG (in i.u.) against the urine volume injected into 
each toad, sectors are obtained which include, with a probability of 95°% , the 
actual line representing the relation between urine volume and amount of CG. 

Tables and charts are shown which allow a direct reading of the CG con- 
centration without any further statistical treatment. By this method of group 
sampling it is thus possible to test for a given level of CG according to the 
sequential sampling plan and, at the same time, to form estimates of the 
amount of CG in those cases in which the excretion is greater than normal. 
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Separation of the longitudinal muscle of the rabbit’s ileum as a 
broad sheet. By N. Ampacue. Ophthalmological Research Unit, M.R.C., 
Institute of Ophthalmology, Judd Street, London, W.C. 1 | 


Attempts to remove the longitudinal muscle (L.m.) of the cat’s ileum as a 
sheet have been unsuccessful. The muscle tears easily and comes off in narrow 
strips. It is known that such strips may fail to respond to nicotine. On 
the other hand, it has been found in the present experiments that the L.M. is 
more easily removable in the rabbit and that it is possible to obtain it as a 
broad sheet. The method of preparation is as follows. A washed 10-15 cm 


segment of ileum from a large rabbit is drawn over a glass rod of 7-5 mm 

diameter. The mesentery is removed with scissors. Two scalpel incisions are 

made, as shown in Fig. 1, through the u.m. down to the circular muscle: 
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(i) 10-15 cm longitudinally along the line of mesenteric attachment, BC; 
(ii) obliquely circumferential (BAB’), at one end of the segment. The L.m. 
recedes slightly at the second incision and is débached gently over several 
millimetres by blunt dissection. The edges of this sheet are grasped with a pair 
of forceps at B and another at B’, and the muscle is pulled off, usually entire, 


Fig. 2 


as a rectangular sheet. Such a sheet is shown in Fig. 2, held vertically under 
tension. The attachment of the L.m. can be seen on the left; on the right the 
fibres of the exposed circular muscle are visible in oblique light. 

It is well known that in the cat Auerbach’s plexus adheres to the L.M. after 
separation of the two muscle layers; but according to Irwin (1931) it adheres 
to the circular muscle in the guinea-pig gut. In the present experiments on 
rabbits the plexus adhered to the L.M. preparation and its ganglia were seen 
after staining with 0-5°% polychrome methylene blue. For suspension in an 
organ-bath a length of 4-6 cm is taken from the middle of a L.m. sheet, thus 
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avoiding the traumatized ends. All of ten such preparations behaved satis- 
factorily as ganglion-muscle preparations and responded regularly to 
nicotine (1-210), 
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Pancreatic secretion. By R. A. Grecory. (Film) 


The upper tolerable levels of warmth for acclimatized European 
men working in the tropics. By F. P. Exuis, Heren M. Ferres, 
A. R. Linp,* and P. 8. B. Newiine. Medical Research Council’s Royal 
Nawal Tropical Research Unit, Singapore 
McArdle, Dunham, Holling, Ladell, Scott, Thomson & Weiner (1947) devised 
a nomogram for calculating the physiological effects of warm and hot environ- 
ments over a wide range of conditions. The index used was the amount of 
sweat produced in 4 hr, and they tentatively suggested that a ‘ predicted 4-hour 
sweat loss [P4SR] of 4-5 litres’ constituted “the upper limit for fit acclimatized 
young men’ in England ‘above which an increasing number will find the 
conditions beyond their endurance’. Points corresponding to this ‘P4SR’ for 
different levels of dry- and wet-bulb temperatures are plotted (Fig. 1) for men 
wearing overalls and working for 4 hr at a mean gross energy cost of 111 kcal/ 
m*/hr with a mean air movement of 150 ft./min, and with the mean radiant 
temperature of the surroundings almost the same as the air temperature. 
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Fig. 1. Comparison of the tentative prediction of McArdle et al. in London 
with experimental observations in Singapore. 

In Singapore, eleven fit young men who were acclimatized to the tropics, 
and who had undergone a further 14 consecutive days artificial acclimatiza- 
tion, carried out the same work under the same conditions of air movement 
and clothing. Points are plotted to show the dry- and wet-bulb temperature 
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combinations at which 0, 1-8 or more than 5 of them were incapacitated before 
the experiment ended. The close agreement between the tentative prediction 
of McArdle et al., and the experimental observations in Singapore under 
similar working conditions suggests that the upper tolerable levels of warmth 
for fit young men in the tropics and in England are similar, provided they are 
trained to carry out daily work at high temperatures. Small variations in 
wet-bulb temperature or in air movement have a considerable effect upon 
men’s performance at these critical levels of warmth. 
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Vasodilatation in the forearm during indirect heating. By 
K. E. Coopsr, 0. G. J. G. R. H. Fox and 
R. K. Macrpnerson. Division of Human Physiology, National Institute 
for Medical Research, London, N.W. 3 


When the body temperature is raised by indirect heating there is an increase 
in forearm blood flow, and Barcroft, Bonnar & Edholm (1947) have shown that 
under these conditions there is vasodilatation in the forearm muscles. The 
purpose of this investigation was to determine to what extent vasodilatation 
also occurs in the skin. | 

Blood flows were measured with venous-occlusion plethysmographs. The 
subject reclined comfortably in a bath which was maintained at 35-36° C. 
He wore on the upper part of his body a jacket of high thermal insulation. 
When his oral temperature was constant and the blood flow of both forearms 
(recorded simultaneously) reasonably steady, the skin blood flow in the left 
forearm was abolished by adrenaline iontophoresis, using a concentration of 
1:2000 adrenaline and a current of 16-20 mA for 15-20 min. Further blood- 
flow measurements were made in both arms simultaneously and then the bath 
was heated rapidly to 40°C. When the subject’s oral temperature reached 
100-5° F (38° C), the temperature of the bath was reduced to 38°C. The 
oral temperature was found to remain steady at 100-5° F. Blood flows were 
recorded throughout the period of heating and for 1 hr thereafter. 

The blood flow of the right (control) forearm rose on heating to as much as 
three times its resting value, and remained at that level. 

Following iontophoresis, prior to heating, the blood flow of the left forearm 
fell to as little as half its resting value. On subsequent heating, its value 
rose again, but on no occasion did it approach the value for the right forearm 
after heating, usually being about two-thirds or less of that value. 
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In other experiments the iontophoresis of adrenaline into the heat-dilated 
forearm reduced the blood flow to the level just described. 

These results confirm the findings of Barcroft e al. (1947) that indirect 
heating produces vasodilatation in the forearm muscles, and show further that 
this is accompanied by a large increase in the blood flow through the forearm 
skin. The values obtained for skin blood flow in the forearm (expressed as 
ml./100 ml. skin/min) were of the same order as the values for the blood flow 
recorded for the whole hand. 

REFERENCE 
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The effect of a raised venous pressure on venous oxygen content 
of the forearm. By 0. G. M. F. Moretra and Artie Y. 
WERNER 


The oxygen content of forearm venous blood during short periods 
of venous occlusion. By R. F. Morrram. Department of Physiology, 
St Mary’s Hospital Medical School, London, W. 2 


An oximeter (Handforth, 1953) has been used to study the effect of short 
periods of venous occlusion on the oxygen content of blood in deep forearm 
veins, Samples of blood were obtained in heparinized syringes, while, with a 
cuff placed around the arm above the elbow, pressure of 60 mm Hg was 
alternately applied and released for 5, 10 and 15 sec periods. During the 5 
and 10 sec occlusions 1 ml. samples were withdrawn steadily for 2 min and 
compared with controls. Adequate samples were obtained during single 15 sec 
occlusions. Controls for these were collected during the period between 
successive single occlusions and prior to the first cuff inflation. Immediately 
at the close of these experiments the samples of blood were passed through the 
oximeter and the degree of light absorption recorded. In many of the 15 sec 
occlusions the sample taken during occlusion contained up to 4 vol. % more 
oxygen than the control sample. This effect has also been found on occasions 
even after 10 and 5 sec occlusions. 

In another series of experiments the oximeter cuvette was connected directly 
to the catheter in the vein and readings taken at 5 sec intervals. Using this 
technique the change in oxygen content of venous blood was followed at rest, 
during and after a 1 min period of venous occlusion and during intermittent 
(7-5, 10 and 15 sec) occlusions. The oxygen content of venous blood began to 
rise between 5 and 30 sec after the onset of occlusion. In some experiments it 
approached that of arterial blood. Following release of occlusion the oxygen 
content fell slightly below the pre-occlusion level and then returned to normal. 
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The rise in oxygen content of venous blood suggests that the postulated 
arteriolar dilatation during venous occlusion involves channels that do not 
serve the metabolic needs of forearm tissues, and that its onset may be within 
5 sec of the onset of occlusion. 
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The spermiation response of the male toad (Bufo bufo) when 
gonadotrophin is given three hours after a subthreshold 
priming dose. By J. F. D. Frazer. Department of Physiology, Charing 
Cross Hospital Medical School, W.C. 2 


Frazer & Wohlzogen (1951) have shown that the male toad (Bufo bufo) 
responds to the injection of gonadotrophin by release of spermatozoa from its 
testis, and the response 3 hr after injection has been investigated. This has 
been found to remain constant through the year, the probit relationship to 
logarithm of the dose being given by the equation y=4-027 +1-39 (Frazer, 
unpublished). 

Male toads were injected with a priming dose of 4 i.u. of chorionic gonado- 
trophin (International Standard, UP). Those which had not achieved spermia- 
tion in 3 hr were reinjected with a second dose of UP, and their response 
examined both 1 and 3 hr later. The number of animals responding after 3 hr 
was double that after 1 hr. 

From these results, two plots were made of probits of the percentage of 
animals reacting, against the logarithm of the second dose injected. The 
relationship is given by the equations: 

y=1-962+3-00 for the 1 hr response 
and y=4-427+2-05 for the 3 hr response. 


The increased steepness of the lines with time extends the findings of 
Bukovics, Halama & Wohlzogen (personal communication) in B. viridis. 
With the results reported, the doses causing 50% of toads to respond in 
1 and 3 hr are respectively 10-48 and 4-65 i.u. The latter value shows that the 
use of a priming dose of gonadotrophin may increase the sensitivity of the 
response to an unknown dose (as, for example, in a pregnancy test with a low 
level of gonadotrophin in the urine); while in pregnancy tests where the urinary 
level of gonadotrophin is high, it should be possible by preliminary priming to 
obtain a response within 1 hr of the injection of the patient’s urine. 
The International Standard chorionic gonadotrophin was kindly supplied by the Department 
of International Standards of the Medical Research Council, to whom my grateful thanks are due. 
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Dose response curves of male toads (B. bufo) for chorionic 
gonadotrophin and pregnant mares’ serum gonadotrophin. 
By F. X. Wontzocen. Department of Physiology, St Mary’s Hospital 
Medical School, London, W. 2 

The spermiation reaction of male toads was used to establish dose response 

curves for the international standard of chorionic gonadotrophin (UP) and 

pregnant mares’ serum gonadotrophin (PMS) over a period of 1 year. The assay 

technique has been described previously (Frazer & Wohlzogen, 1951; 

Wohlzogen, 1953). 

Plotting the probit of the percentage reactors (toads with spermatozoa in 
their urine 3 hr after the injection) in each dosage group against log. dose, 
straight lines with a common slope of 6 = 6-39 could be fitted to the results of all 
experiments, the x? values being insignificantly small for deviations from both 
linearity and parallelism. 

Significant year-to-year and seasonal fluctuations were found in the sensitivity 
of male toads; they are, however, so gradual that the shift of the dose response 
regression lines for either UP or PMS was not significant within periods of up 
to 2 months. In a trial assay the sensitivity towards UP of light toads (18 g 
or less) was compared with that of heavy toads (22 g or more). A significant 
difference was found, the relative sensitivity of the light toads being 1-34 with 
fiducial limits (P =0-05) 1-12-1-59. For this reason in comparing UP and 
PMS the toads were taken at random from a population with individual 
weights ranging from 16 to 24 g. 

UP and PMS were compared three times in a parallel line assay design. In 
each case the analysis of x? gave a probability for deviations from parallelism 
being due to chance of P > 0-80; hence to assay one substance against the other 
seems justified. For the relative potency of PMS (in i.u.) as compared with 
UP (in i.u.) and its 95% confidence limits the following figures were obtained : 
0-267 (0-222-0-323), 0-272 (0-226-0-326), 0-311 (0-250-0-389). Thus, the toads 
are approximately 3-5 times more sensitive (i.u./i.u.) to UP than to PMS. 
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Deoxycortone acetate (DCA) and the maintenance of pregnancy in 
the spayed rat. By J. F. D. Frazer and J. Lez. Department of 
Physiology, Charing Cross Hospital Medical School, W.C. 2 

Alexander & Frazer (1954) have recently shown that rats spayed on the 9th 

day of pregnancy lose their foetuses within 24 hr; but that pregnancy could 

be maintained for 10 days more by giving 10 mg progesterone daily from the 
date of operation. 
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A variety of other hormones has now been examined, and negative results 
have been obtained with oestradiol, testosterone and testosterone propionate. 
Methyl testosterone appeared to maintain pregnancy for a few days, but no 
further. Ethisterone, which is a preparation for oral use, stated to have 
progestational properties, failed to maintain the foetuses for 2 days. The same 
findings applied when it was first given 1 day prior to spaying. ACTH and 
cortisone had no effect on foetal loss, but DCA (in doses from 17 to 25 mg 
daily) maintained pregnancy up to term and even beyond in some cases. 

Thus DCA has taken over the role normally assigned to progesterone. The 
formulae of these two compounds are very similar; while Zarrow, Hisaw & 
Bryans (1950) have claimed that in the spayed macaque monkey (Macaca 
mulatta), DCA is converted into progesterone. Their bioassay technique 
showed that 7} times as much DCA would be required as progesterone, to 
produce the same blood level. However, to maintain pregnancy in the spayed 
rat, only twice as much DCA as progesterone is required. — 
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Variations in the metabolic cost of standard activities. By 
J. V. G. A. Durnin and J. B. peV. Wer. Institute of Physiology, 
University of Glasgow 

This experiment was designed to test the variability of measurements of 

metabolic rate when using the Max Planck respirometer (Kofranyi & Michaelis, 

1941; Miiller & Franz, 1952). The energy expenditure of three subjects was 

measured in five standard activities: lying, sitting, standing, walking on a 

treadmill on the level and on a 10% gradient. Each of the five activities was 

done at one of five different times on five consecutive days, the complete 
experiment being arranged for each subject in the form of a Latin square. 
When the results were analysed using absolute values (i.e. kcal/min), the 
variance between activities and between subjects was highly significant, but 
the variance between days and between different times of the day was not 
significant (the latter just approached significance, about the 8% level). 

Since the variance within the five activities was found to increase with the 

metabolic rate of the activity, the logarithmic transformation was then used. 

The variance between times of day now became significant between the 5 and 

1% levels. This was due to the increased metabolic rate in the post-prandial 


— presumably due to the specific dynamic action of the previous 
meal. 
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The residual error, or error of the method, is equivalent to a coefficient of 
variation of 6%. 
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The effect of water intake on sweat production in hot environ- 
ments. By F. P. Extis, Heren M. Ferres and A. R. Linp. Royal 
Nawal Tropical Research Unit, Singapore 


Robinson (1949), in summarizing the views of hot climate physiologists, stated 
that ‘Moderate water deficiency does not alter the sweat rate and neither does 
drinking water in excess of sweat loss’. 

Further investigation of the effect of water intake on sweat output was 
carried out on twelve acclimatized young men in Singapore. Sweat losses, 
rectal temperatures and pulse rates were measured throughout the experiment. 
The subjects worked at a dry-bulb temperature of 100° F (37:8° C), a wet-bulb 
temperature of 94° F (34-4° C) and at an air speed of 150 ft./min, for a period 
of 4 hr on 6 consecutive days. The work routine consisted of step climbing 
(energy expenditure 165 kcal/m*/hr) for 10 min and resting (50 kcal/m*/hr) for 
20 min in each half-hour. There were three levels of water intake 550, 700 and 
850 ml./hr. The experiment was designed as eight Latin squares with subjects, 
days and water intake as the three variables. 

The level of water intake did not affect the amount of sweat produced during 
the first hour. During the second hour the highest level of water intake pro- 
duced a sweat loss significantly greater than the other two levels (P=0-01). 
This effect was more marked in the third and fourth hours when, in addition, 
the moderate water level produced a sweat loss significantly greater than that 
of the lowest water intake (P = 0-01). The sweat losses for the fourth hour were 
12-26, 12-90 and 13-80 g/kg for water intakes of 550, 700 and 850 ml./hr 
respectively. 

The level of water intake had no effect on the rectal temperature during the 
first hour. During the second, third and fourth hours the highest rectal 
temperatures occurred with the 550 ml./hr level, an intermediate temperature 
with the 700 ml./hr level and the lowest temperature with the 850 ml./hr level. 
These differences were significant (P=0-01). In the fourth hour the rectal 
temperatures were 100-7, 100-4 and 100-3° F respectively. 

In no case did the intake exceed the mean sweat loss, but mean water 
deficiencies of 460, 840 and 1358 g resulted from the three levels of water 
intake respectively. Even the largest of these might fairly be described as a 
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moderate water deficiency, so it would appear that these results do not support 


Robinson’s conclusions. 
REFERENCE 


Robinson, 8. (1949). In Physiology of Heat Regulation and the Science of Clothing, pp. 193-231, 
ed. Newburgh, L. H. Philadelphia: Saunders. 


The effect of adrenaline infusions into the carotid and vertebral 
arteries on the respiration in man. By F. Durr, W. H. T. Sazraerp 
and R. F. Wuetan. Department of Physiology, The Queen’s University 
of Belfast, and the Department of Radiology, the Royal Victoria Hospital, 
Belfast 

Infusion of adrenaline at a rate of 1-5ug/min into the common carotid artery 

in nine patients undergoing cerebral angiography had no effect on the rate or 

depth of respiration. 

In five of the patients the adrenaline infusion was also diverted through the 
vertebral artery of the right side by occlusion of the right common carotid 
artery by digital pressure cephalad to the needle and of the right brachial 
artery by a pneumatic cuff around the upper arm. In 4 of the patients this 
procedure caused a marked increase in the depth of respiration and on some 
occasions in addition an increase in rate. In the 5th there was no response. 

The diversion of the infusion through the vertebral artery was confirmed in 
most instances by radiography following injection of diodone. 

The results suggest that the stimulant action of adrenaline on the respiration 
(Whelan & Young, 1953) can be attributed to a direct effect on a structure 
receiving its blood supply from the vertebral artery, most probably the 
respiratory centre itself. 
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The influence of fatty acids and suprarenal cortex on the relation 


between temperature and oxygen consumption. By J. M. 
O’Connor 


The influence of methyl cholanthrene on the oxygen eset acral 
of rat skin. By J. M. O’Connor 


Temperature relations in the spreading of fatty acid monolayers 
from the solid state. By W. McD. Armstrone 
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Preparation and properties of urogastrone. By R. A. Grecory. 
Physiological Laboratory, University of Liverpool 

Human and some animal urines are known to contain a potent inhibitor of 
gastric secretion which was extensively studied by Gray, Wieczorowski, 
Wells & Harris (1942) and named Urogastrone because of its possible derivation 
from the duodenal hormone Enterogastrone, although there is no good evidence 
for this. The chemical nature and origin of Urogastrone have remained unknown, 
although Gray et al. (1942) suggested that it might be ‘an organic base of 
considerably less complexity than peptone’, and Kaulbersz, Patterson & 
Sandweiss (1954) have recently confirmed their earlier claims that Urogastrone 
activity is absent from canine urine after hypophysectomy. 

A new method for the preparation of Urogastrone previously reported 
(Gregory, 1953) has been improved and the present product is believed to 
compare favourably with any previously described. Normal human male 
urine is treated by a four-stage procedure: (1) collection of activity on a 
charcoal column and elution with acid acetone; (2) ethanol extraction from 
an aqueous solution saturated with ammonium sulphate; (3) fractionation on a 
resin (Amberlite IRC-50); (4) chromatography on a calcium phosphate 
column. Approx. 15 mg of salt-free material is obtained from 100 |. of urine, 
The intravenous injection of 0-15 mg in a gastric fistula dog secreting in 
response to continuous histamine injection at a half-maximal rate of 330 mg 
free HCl/hr reduced the acid output during the subsequent hour by 70% with 
almost complete inhibition 30 min after injection. The most potent material 
described by Gray et al. (1942) produced in a dose of 0-2 mg intravenously an 
inhibition of 50% in dogs secreting HCl at less than half the above rate. The 
properties of the product include the following: in concentrated aqueous 
solution it has a golden-yellow colour and a greenish fluorescence. It has no 
effect on gastric motility in dogs in a single intravenous dose of 0-2 mg, does 
not raise the body-temperature of rabbits significantly in a dose of 1 mg, 
inhibits gastric secretion in human subjects on intravenous injection, is 
dialysable, appears to have an isoelectric point between pH 5-7 and has no 
characteristic absorption spectrum other than a plateau between 250-270 my. 
Repeated shaking with chloroform/octy] alcohol mixture precipitates a protein 
gel and destroys the activity. Preliminary study of the acid hydrolysis pro- 
ducts by paper chromatography indicates the presence of several ninhydrin- 
positive substances. Attempts to extract the substance from hog intestinal 
mucosa have so far failed. 
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The intake of phytate, milk and vitamin D in relation to rickets 
in children—the end of an experiment in human nutrition. 
By W. J. E. Jessop 


Concerning the existence of two types of ganglion nerve cells. By 
F. Kane. Department of Physiology, Royal College of Surgeons in Ireland 
The nerve cells of the spinal and of some visceral ganglia seem divisible into 
two main classes, one large, rounded and frequently referred to as bipolar, 
the other small and obviously multipolar. Controversy concerning the nature, 
function and even existence of these types goes back to Dogiel and is well 
summarized by Cajal (1928). After some vacillation he decided for their 
existence. Blair & Davies (1933) published a staining method which they 
claimed to differentiate the types but the position is still unsatisfactory. 
Numerical data from the ganglion of the pig’s circumvallate papilla confirm 
the reality of the two types and suggest a structural significance. 
Both types appear very clearly in the ganglion. They may be counted using 
the conventions established by Davenport & Ranson (1931) for their work on 
the spinal ganglia (Table 1). 


Table 1 


Taste Nerve 
buds fibres 
1020 880 
1185 610 
1570 7380 
1230 810 
960 770 
1190 770 


Proportion of nerve fibres above 5y in diameter: 9%. 


It will be seen that the difference between the large and small cells (660) 
is very close to the number of small myelinated fibres in the nerve (701), which 
Zotterman (1935) has already shown to be taste fibres. 

These figures may be best explained by presuming the existence of two chains 
of neurones one sensory and the other secreto-motor. The elements of the first 


may be summarized: sensory epithelium—bipolar nerve oa. lla 


nerve fibre. The other may be summarized: sensory epithelium—bipolar 
cell—small multipolar cell—vaso-secretor mechanism. 
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Synthesis of L-alanine and t-leucine from their unnatural 
enantiomorphs. By Q. H. Grsson, H. Newey, D. H. Suyra and 
B.C. Water. Department of Physiology, University of Sheffield 

Synthesis of t-methionine from p-methionine in rat liver and kidney has been 

shown by Gibson & Smyth (1952). Similar methods have been used to in- 

vestigate the possibility of this kind of reaction with other amino-acids and 
with other tissues. Alanine and leucine were chosen, alanine because of its 
relation to pyruvate, and leucine because it is one of the essential amino acids 
not completely replaceable by its unnatural enantiomorph in feeding experi- 

ments (Rose, 1938). 

The tissues used, rat kidney, liver, brain, heart, diaphragm and small 
intestine, were incubated with “C carboxyl-labelled p-leucine or p-alanine, 
and the synthesis of L-amino-acid studied by the methods previously described. 
It was found that L-alanine could readily be synthesized from p-alanine by 
liver and kidney but not by the other tissues. L-leucine could readily be 
synthesized from pD-leucine by kidney, only to a small extent by liver, and not 
to any appreciable extent by the other tissues. Corresponding experiments to 
demonstrate the synthesis of p-alanine and p-leucine from the natural enantio- 
morphs were negative. 

These findings may explain the difference in the replaceability of L-methionine 
and L-leucine by their D-enantiomorphs. The capacity of the kidney to 
synthesize an L-amino-acid from the D-enantiomorph does not prevent the 
D-amino-acid from escaping in the urine if it is present in the blood stream 
(Crampton & Smyth, 1953). It is suggested that the factor which determines 
whether a D-amino-acid can replace the corresponding L-amino-acid in the 
diet is probably the relative rates of absorption of the D-amino-acid from the 
intestine and of conversion to L-amino-acid in the liver. The rate of absorption 
of D-amino-acids from the intestine is small, and probably in the case of 
methionine the rapid rate of conversion to L-methionine in the liver is sufficient 
to prevent any D-methionine passing into the systemic blood stream. In the 
case of leucine, the relatively slow rate of formation of L-leucine in the liver 
may allow p-leucine to pass into the systemic blood stream, and hence part of 
it is lost in the urine. The results are consistent with the findings of Ratner, 
Schoenheimer & Rittenberg (1940), that some synthesis of L-leucine from 
s D-leucine can take place in the animal body. 
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Tubular maxima for phosphate reabsorption in man. By D. 
Loneson, J. N. Muzs, 8. Tuomas and P. A. Yates 


The relation of Na and Ca ions to the electrical and mechanical 
properties of cardiac muscle of frog. By J. F. Donzcan 


The osmotic pressure of solutions of foetal haemoglobin. By 
E. F. McCartruy 


Sodium distribution in muscle. By Mary J. Carry and E. J. Conway 


Active transport of magnesium in yeast. By Mary Bzary, E. J. 
Conway and H. Ryan 


Further evidence for the Redox Pump theory. By R. Kernan 


Changes in molecular concentration of frozen and powdered 
tissues maintained at 0°C. By Honor Grocuecan and J. I. 
McCormack 


Changes in intracellular concentration of kidney slices in Ringer 
fluid. By Honor 


Changes in phosphate ester levels of muscle after adrenalectomy. 
By D. J. Hinerrry 


The effect of oxygen in reducing the ventilation in normal subjects 
when performing light exercise. By J. E. Corrs. Medical Research 
Council Pneumocontosis Research Unit, Llandough Hospital, Penarth, Glam. 


The exercise ventilation has been recorded in normal subjects performing 
a standardized exercise step test (Hugh-Jones, 1952) at 200 kg m/min for 
25 min. The subjects were students and members of the scientific and technical 
staff of the Unit. The exercise ventilation was recorded each } min whilst the 
subjects breathed air or oxygen for alternate 5 min periods. Five min was 
allowed for the subjects to reach exercise equilibrium and the ventilation 
values during the 2nd to 5th min of the subsequent air and oxygen runs were 
compared (cf. Asmussen & Nielsen, 1946). 

The mean exercise ventilations in the group of fourteen fit undergraduates 
breathing air and oxygen were 21-10 and 20-13 1./min B.T.P.S. respectively. 
The difference 0-97 + 0-217 |. was significant at the 1°% level. In four older 
subjects the bigger difference of 2-89 + 0-486 1. was obtained. 
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